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An axion-like field comprising ~10% of the energy density of the Universe near matter-radiation
equality is a candidate to resolve the Hubble tension; this is the “early dark energy” (EDE) model.
However, as shown in Hill et al., the model fails to simultaneously resolve the Hubble tension and maintain
a good fit to both cosmic microwave background (CMB) and large-scale structure (LSS) data. Here, we use
redshift-space galaxy clustering data to sharpen constraints on the EDE model. We perform the first EDE
analysis using the full-shape power spectrum likelihood from the Baryon Oscillation Spectroscopic Survey
(BOSS), based on the effective field theory (EFT) of LSS. The inclusion of this likelihood in the EDE
analysis yields a 25% tighter error bar on H, compared to primary CMB data alone, yielding Hy =

68.54:()):352 km/s/Mpc (68% C.L.). In addition, we constrain the maximum fractional energy density
contribution of the EDE to fgpg < 0.072 (95% C.L.). We explicitly demonstrate that the EFT BOSS
likelihood yields much stronger constraints on EDE than the standard BOSS likelihood. Including further
information from photometric LSS surveys,the constraints narrow by an additional 20%, yielding H, =
68.73 042 km/s/Mpc (68% C.L.) and fgpg < 0.053 (95% C.L.). These bounds are obtained without
including local-Universe H( data, which is in strong tension with the CMB and LSS, even in the EDE
model. We also refute claims that Markov-chain Monte Carlo analyses of EDE that omit SHOES from the
combined dataset yield misleading posteriors. Finally, we show that upcoming Euclid/DESI-like
spectroscopic galaxy surveys will greatly improve the EDE constraints. We conclude that current data
preclude the EDE model as a resolution of the Hubble tension, and that future LSS surveys can close the
remaining parameter space of this model.
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I. INTRODUCTION

The persistent and growing discrepancy in the value of
the Hubble constant, H, inferred from different observa-
tions [1], if taken at face value, presents a serious challenge
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to the standard cosmological model. This tension is conven-
tionally viewed as that between the value inferred from the
cosmic microwave background (CMB) [2] and the SHOES
measurement of the classical distance ladder utilizing Type
Ia supernovae (SNIa) at cosmological redshifts [3]. Indeed,
the Planck 2018 CMB and the SHOES measurements of H,,
disagree at 4.4¢ statistical significance, with the two given
by Hy,= 6737 +0.54 km/s/Mpc and H, = 74.03 +
1.42 km/s/Mpc for Planck [2] and SHOES [3], respectively.
More recently it has become apparent that the H, tension is
not restricted to the CMB vs SHOES, but on the contrary,
ranges from 46—6¢ significance for a large array of differing
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datasets and dataset combinations [1], which are commonly
split into two categories: early-Universe and late-Universe
measurements.

There are several local or late-Universe measurements
that all lead to values of H( consistent with SHOES.
For instance, the Cepheids utilized for calibration of the
cosmic distance ladder by SHOES can be replaced with
Miras, variable red giant stars, leading to Hy = 73.3 &+
3.9 km/s/Mpc [4], or traded for the “tip of the red giant
branch” in the Hertzsprung-Russell diagram, which yields a
somewhat lower value, Hy = 69.6 + 1.9 km/s/Mpc [5].
Alternatively, local measurements can be performed
in a variety of ways that are independent of the cosmic
distance ladder—e.g., through the measurement of time
delays in strongly lensed quasar systems, which yields
Hy = 73.3] km/s/Mpc (6], through very long-baseline
interferometry observations of water masers orbiting
supermassive black holes, which yields Hy =739 £
3.0 km/s/Mpc [10], and through gravitational waves from
merging binary neutron stars [11,12].

On the other side, there are several cosmological mea-
surements of H( that can be made at low redshifts and
independently of the CMB anisotropy data. This is done by
combining various large-scale structure (LSS) observations
with a prior on the baryon density wy, inferred from big bang
nucleosynthesis (BBN) [13]. One such measurement comes
from the baryon acoustic oscillation (BAO) experiments,
such as the Baryon Oscillation Spectroscopic Survey
(BOSS). Measurements of the BAO scale for galaxies
and the Lya forest [14], together with the BBN prior, lead
to Hy=67.6+ 1.1 km/s/Mpc [15-17]. Similarly, the
combination of Dark Energy Survey (DES) [18] data and
BOSS BAO data gives Hy = 67.47|:) km/s/Mpc [19].
Measurements of the Hubble constant from galaxy cluster-
ing alone (without the Lya data) can also be done using the
full shape (FS) of the galaxy power spectrum [20-23]. In
particular, the joint FS + BAO data from BOSS yields H, =
68.6 £ 1.1 km/s/Mpc [23], in excellent agreement with the
CMB result.

In all these measurements, standard early-Universe
physics is assumed, such that the sound horizon r; is a
fixed function of the ACDM cosmological parameters. On

"This nomenclature can be somewhat misleading, since some
of the measurements of H, that entirely rely on the late-Universe
datasets would be classified as early-Universe measurements. A
more meaningful distinction is between the direct (or local)
measurements of H, such as SHOES, vs indirect (or global)
measurements obtained from a fit of ACDM or any other model
to cosmological data such as the CMB or galaxy clustering,
regzardless of the redshift of these datasets.

However, some concerns about unaccounted systematics
in lensing time-delay measurements have been raised, for
instance in Refs. [7,8]; indeed, the latest strong-lensing analyses,
after accounting for these systematics, have now found a
lower value of H, with significantly increased error bars, H, =
67.4733 km/s/Mpc [9].

the other hand, the angular scale of the sound horizon, 6, is
measured to a very high precision of 0.03% by the
CMB data [2]. This renders any sizeable shift in H,, such
as that necessary to resolve the tension with SHOES,
incompatible with data, unless new physics is introduced
in the early Universe so as to change r, (and H,) while
keeping the angular scale 6, fixed. Such early-Universe
solutions to the tension have been advocated in, e.g.,
Ref. [24]; a prototypical model realization goes by the
name ‘“early dark energy” (EDE) [25]. Many EDE-like
models have been proposed, both in the context of the H,
tension [25-33] and other areas of cosmological pheno-
menology (e.g., Refs. [34-36]).

In the EDE scenario, one postulates an additional
dynamical scalar field, which behaves like dark energy
until a critical time near matter-radiation equality, at which
point its energy density rapidly decays. The increased
energy density at early times serves to decrease the
comoving sound horizon, such that an increased H can
be accommodated while keeping @, fixed. This comprises a
three-parameter extension to ACDM, defined by a critical
redshift z., the peak EDE energy density fraction of the
Universe fgpg, and the initial value of the scalar field,
denoted by the dimensionless quantity #; (analogous to the
axion misalignment angle [37-39]). Remarkably, the EDE
model allows for values of H, in near agreement with
SHOES while leaving the fit to the CMB spectra nearly
unchanged from that in ACDM.

However, the EDE scenario begins to falter when con-
fronted with LSS data [40]. While the EDE field does not
directly impact the formation of structure at late times (due to
its rapid decay around matter-radiation equality), the accom-
panying shifts in the standard ACDM parameters, necessary
to retain the fit to CMB data, become clearly detectable
thanks to the breaking of various degeneracies when
combining CMB and LSS data. In addition to CMB lensing,
BOSS BAO, and BOSS redshift-space distortion (RSD)
data, the analysis of Ref. [40] included the DES-Y 1 data [ 18]
and the weak gravitational lensing measurements from
KiDS + VIKING-450 (KV-450) [41,42] and the Subaru
Hyper Suprime-Cam (HSC) [43]. If these additional LSS
data are included, the evidence for EDE is below 26, even
when SHOES is included in the analysis [40]. This indicates
that the SHOES measurement remains an outlier in the EDE
scenario, just as in ACDM. Indeed, if SHOES is removed
from the combined dataset and all LSS data are included
(“walking barefoot,” Sec. VIE of Ref. [40]), one finds an
upper bound fgpg < 0.053 at 95% C.L., well below the value
claimed to resolve the Hubble tension, fgpg =~ 0.107 [26].

One caveat behind this result is that the “compressed”
BOSS RSD likelihood used in the “walking barefoot”

3An additional fourth parameter, n, denoting an exponent of
the scalar field potential V « (1 — cos #)", can be included, and is
only weakly constrained; the best-fit integer value is n = 3 [26].
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analysis of Ref. [40] was derived implicitly assuming
standard early-Universe physics and a fixed-shape template
for the galaxy power spectrum. In the official BOSS data
analysis, this is implemented through the so-called “shape
priors,” fixing the physical cold dark matter and baryon
densities g, and @y, to the best-fit Planck values obtained
from the cosmological analysis within ACDM [44.,45].
Even though this method is referred to in the literature as
the full-shape BOSS analysis, we stress that no power
spectrum shape information is used in this procedure.
Therefore, one may wonder to what extent the use of such
a ACDM-based and fixed-shape likelihood may have
impacted the conclusions of previous analyses for the
EDE model [25-27,40,46]. Addressing this question is
one of the main goals of this paper.4

To that end, we repeat the analysis of Ref. [40] using a
new BOSS likelihood, which (a) is tailored for the EDE
model (i.e., no implicit ACDM-based assumptions are
made), (b) has all relevant cosmological parameters varied,
and (c) uses the full shape of the redshift-space galaxy
power spectrum, going beyond the simplified fog + BAO
parametrization. This analysis has been made possible by
virtue of recent progress in LSS theory. First, the consistent
formulation of perturbation theory has been finalized in the
form of the effective field theory (EFT) of LSS (see
Refs. [20,21] and references therein). Various ingredients
of this approach (e.g., UV counterterms and IR resumma-
tion) have been independently derived in many different
setups. Second, there was significant improvement in
numerical methods, which allowed one to build extensions
of standard Boltzmann codes that consistently calculate the
nonlinear galaxy clustering observables as a function of
cosmological parameters (52,53]”° Exploiting all these
results, we show that the shape information in the galaxy
power spectrum is important and that the new BOSS

*One may be concerned that some implicit early-Universe
assumptions may also impact the BAO measurements. However,
in contrast to the RSD, the BAO measurements by construction
are largely unaffected by assumptions about cosmology. First, the
use of the Alcock-Paczynski scaling parameters [47] to extract
the BAO frequency from the three-dimensional galaxy distribu-
tion is accurate if the Universe has a local Friedman-Robertson-
Walker geometry (see, e.g., Refs. [48-50]), which clearly holds
true in the EDE model. Second, the BAO frequency can be
extracted from the postreconstruction position space correlation
function (or the power spectrum) by fitting the BAO peak (or
Fourier-space BAO wiggles) with a simple Gaussian (or har-
monic) template, which does not rely on any cosmology-specific
information. Thus, the BAO measurements would not be biased
even if a reasonable cosmology-dependent fiducial template were
used [51].

>These tools have already been successfully used to constrain
the base ACDM model using the BOSS data [20,21], verified in a
blind simulation challenge [54], and applied to various extensions
of the ACDM model, including massive neutrinos [55-57],
varying number of relativistic degrees of freedom [57], and
dynamical dark energy [20,52].

likelihood used in our analysis indeed leads to much
stronger constraints on EDE compared to the standard
BOSS likelihood.

With these new results for the combined analysis of
Planck and BOSS in hand, we turn to the question of how
much additional information on EDE can be extracted from
photometric weak lensing surveys. As justified in Ref. [40],
we implement this extra information through a prior on
Sg = 03(€,,/0.3)*> and show that current data from DES,
KV-450, and HSC tighten the upper bound on fgpg even
further, and lead to sharper constraints on H,. Finally,
with an eye towards Euclid [58] and the Dark Energy
Spectroscopic Instrument (DESI) [59], we perform an EDE
sensitivity forecast for upcoming spectroscopic galaxy
surveys and show that they have the potential to definitively
rule out the EDE model as a resolution to the Hubble
tension.

The structure of this paper is as follows: In Sec. II, we
review the EDE proposal, and in Sec. III detail its imprint
on LSS, in particular as it pertains to the BOSS data. In
Sec. IV, we present the constraints on EDE from current
data, namely Planck 2018, BOSS full-shape + BAO, and
an Sg prior corresponding to the measurements of DES,
KV-450, and HSC. In Sec. V, we perform an EDE
sensitivity forecast for Euclid. We close in Sec. VI with
a discussion of the implications for the H( tension and
directions for future work. Additional results are collected
in the Appendixes.

II. THE EARLY DARK ENERGY PROPOSAL

The EDE scenario aims to increase the expansion rate in
the early Universe prior to recombination, while leaving the
physics of the late Universe unchanged. This is done in
such a way as to not degrade the fit to CMB temperature
and polarization data relative to ACDM.

The increased expansion rate serves to reduce the
comoving sound horizon at last scattering,

5 mcs(z)y (1)

ro(z.) =
where z, is the redshift of last scattering, such that an
increased present-day expansion rate H, as encoded in the
comoving angular diameter distance to last scattering,

s ©)

DA(Z*) = 0 H(Z) ’

can be accommodated without changing the angular scale
of the sound horizon,

0, = 1) )
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which is measured to 0.03% precision by the Planck 2018
CMB data [2].

Particle physics realizations of this scenario are strongly
constrained by simple considerations of Egs. (1), (2), and
(3). The sound horizon at last scattering in Eq. (1) is
dominated by contributions near the lower bound of the
integral, and thus is primarily sensitive to the evolution of
H(z) at times shortly before recombination. In addition, the
magnitude of the Hubble tension (x10%) implies via
Egs. (2) and (3) that the increase in the expansion rate
just prior to recombination must also be of order 10%.
Translated into natural units, this implies that an energy
density ~eV, 3 orders of magnitude larger than the present-
day vacuum energy density, must be present when the
Hubble parameter is H ~ 10728 eV. The final piece of the
EDE scenario is that this extra energy density must rapidly
decay after last scattering, so as not to directly impact the
formation of structure at late times.

The requisite dynamics can be straightforwardly realized
in scalar field models. From the equation of motion of a
canonical massive scalar field in an expanding universe,

¢ +3Hp + m*p =0, (4)

one may appreciate two distinct regimes of dynamics:
if m < H, the above has an approximate solution
¢ = ¢;, with ¢; a constant. The energy density of the
scalar field is dominated by the potential energy,
V = m2¢?/2, and hence it gravitates as dark energy. In
the opposite limit, m > H, the field undergoes damped
oscillations, ¢ ~ ¢;a—>* cos mt, and the energy density
redshifts like matter, p o< a™>.

In a ACDM universe, the boundary of these asymptotic
regimes, m ~ H, sets the time of decay of the “early dark
energy” stored in the ¢ field. In order to play a role in
addressing the Hubble tension, the requisite timing of the
decay thus demands that the scalar field be extremely light,
m ~ 10728 eV. In the context of particle physics, the only
model construction of such a light field is the axion [60—
62], which obtains a mass only through a periodic potential
V ~m?f?cos¢/f generated by nonperturbative effects.

On the other hand, the EDE field must decay as fast or
faster than radiation, while in the simple example above, its
energy density redshifts as matter. To simultaneously
achieve this aspect, one may generalize the model to
include multiple fields or new decay channels. For exam-
ple, the EDE may be converted into kinetic energy [28,29],
gravitational waves [31], relativistic particles [32], or gauge
fields [33], among other possibilities.

A well-studied possibility is to generalize the axion
potential to include higher-order harmonics. The proposal
of Ref. [25] is to consider a single scalar field with potential
(see also Ref. [34])

V=Vo(l—cos(¢/f)".  Vo=m’fr (5

The parameter n serves to set the decay rate of the EDE.
The minimum of the potential in Eq. (5) is locally V ~ ¢,
and the energy density of oscillations in this minimum has
an equation of state [63]

_n—l

(6)

For n = 2, the initial energy stored in the field (i.e., the
EDE) redshifts as radiation (x a~*), and for n — oo it
redshifts as kinetic energy (e a~%). Recent results indicate
that n = 3 provides the best-fit integer value to cosmo-
logical data, although the preference is fairly weak [26].

The cosmological dynamics relevant to the Hubble tension
can be succinctly described by two effective parameters, z,.
and fgpg, corresponding to the redshift z,. at which the EDE
makes its peak contribution fgpg to the total energy density
of the Universe. Along with an initial condition 6; = ¢,/ f
and the exponent n, these parameters determine the timing,
relative amount, and decay rate of the EDE component.

As a fiducial example, we consider the best-fit param-
eters found in Ref. [40] in the fit of the n = 3 EDE model in
Eq. (5) to the CMB power spectra, CMB lensing, BAO,
RSD, Type Ia supernovae, and the SHOES H, measure-
ment. The parameters are

Hy = 71.15 km/s/Mpc, 100w, = 2.286,

@egm = 0.12999, In 10104, = 3.058,
n, = 0.9847, Trio = 0.0511,
feoe = 0.105,  logo(z.) = 3.59, 6, =2.71,
Q, =0303, oy =08322, Sy =0.8366,

fos|.—035 = 0.482, fosl.—061 = 0477. (7)
The cosmological evolution of the energy density in the
EDE field, i.e., fgpg(z), is shown in Fig. 1. At its peak,
the EDE field comprises 10% of the energy density of the
Universe. This is rapidly dissipated once the field begins to
oscillate, and by z = 10% it comprises less than 2% of the
energy density of the Universe.

As promised, this EDE model preserves the fit to the
CMB power spectra to a remarkable degree. The proper
inclusion of the EDE perturbations in the calculation is
crucial for achieving this result [25]. As a basis for
comparison, we consider ACDM fit to the same combi-
nation of datasets, with best-fit parameters given by [40]

Hy = 68.07 km/s/Mpc, 100w, — 2.249,
Wog = 0.11855,  In 10104, — 3.047,
n, = 09686, 7. — 0.0566,
Q, = 0306, ©05—0808, Ss— 0816,
fo8l.—038 =047, fog|._ge = 0.464. (8)
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The CMB TT, EE, and TE power spectra in ACDM
with parameters from Eq. (8) and EDE with parameters
from Eq. (7) are shown in Fig. 2. The difference is not
visible by eye, despite the differing H, values, Hy, =
68.07 km/s/Mpc and H, = 71.15 km/s/Mpc for ACDM
and EDE, respectively.

III. EDE MEETS LSS

As we have observed, the EDE extension of ACDM
can accommodate a larger H, while maintaining an excel-
lent fit to the primary CMB anisotropies. However, this is
achieved through a substantial shift in the standard ACDM
parameters when fitting the EDE model, as can be appre-
ciated by comparing Eqgs. (7) and (8). As discussed in detail
in Ref. [40], these parameter shifts leave an imprint on
cosmological observables beyond the CMB primary anisot-
ropies and H,,.

The implications for LSS observations can be understood
already within linear perturbation theory. For example, the
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FIG.2. CMB TT (left panel), EE (middle panel), and TE (right panel) power spectra for ACDM (black, solid) and EDE (red, dashed),
with Hy = 68.07 km/s/Mpc and H, = 71.15 km/s/Mpc, respectively, and fractional difference between EDE and ACDM (bottom).
The fractional difference for TT and EE is normalized to the ACDM spectra, while TE has been normalized by the variance to
accommodate the zero crossings in this spectrum. The model parameters are given in Eqs. (7) and (8) for EDE and ACDM, respectively,
corresponding to the best-fit parameters from Ref. [40] in the fit to primary CMB, CMB lensing, BAO, RSD, SNIa, and SHOES data.
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relative increase in the physical dark matter density leads to
an increase in the og parameter, the rms linear-theory mass
fluctuation in a sphere of radius 8 Mpc/h at z = 0,

(05)? = / d]ogkzk;le(k)wz(kR). (9)

This increase in og in turn leads to a relative increase in the
related Sg parameter, Sy = 05(%,,/0.3)%, worsening the
known tension in ACDM parameter inferences between
CMB and LSS observations (e.g., Refs, [18,42,43]).

Similarly, the combination fog(z), where f is the
logarithmic growth rate, defined as the logarithmic deriva-
tive of the linear growth factor D(a),

_dlnD

f_dlna’

(10)

exhibits an increase at the 2%—-3% level across a range of
redshift [40]. The growth rate determines the linear-theory
prediction for the divergence of velocity perturbations,
0 = —f96,,, the power spectrum of which contributes to the
anisotropic galaxy clustering power spectrum, typically
encoded in the parameter combination fog. This is probed
observationally through the measurement of RSD [64].

Finally, the shifts in the standard cosmological param-
eters needed to fit the CMB data in the EDE scenario can be
used themselves to constrain this model via their signature
in LSS observables. For example, the physical cold dark
matter density @4, increases by over 5% when going from
ACDM to EDE best-fit parameters [see Egs. (7) and (8)].
This increase is needed to compensate for the early-ISW-
induced growth suppression caused by the EDE. On the
other hand, as shown in Refs. [20,21], @, can be
measured directly from the shape of the galaxy power
spectrum, without any information from the CMB. As we
will see, this shape information and constraints on @,
from the BOSS data will play an important role in
constraining the EDE model.

While linear perturbation theory is very useful to gain
some insight into the effects of the EDE model on the large-
scale clustering, in order to make full use of the breadth
of LSS observations it is required to go beyond linear
theory, and instead make predictions for the power spec-
trum in the nonlinear regime. This regime is complicated
by various factors—for example, nonlinear evolution of the
matter density field, the relation between this field and its
luminous tracers such as galaxies, and baryonic effects.
There are two common approaches to deal with non-
linearities: numerical N-body (or fully hydrodynamical)
simulations and perturbation theory.

The advantage of N-body simulations is their ability, in
principle, to describe all scales including highly nonlinear
ones. However, achieving high-precision N-body simula-
tions requires significant computational resources, and

these simulations are nonetheless affected by uncertainties
in galaxy formation models on small scales. A computa-
tional compromise is to use N-body simulations to calibrate
fitting formulas for dark matter nonlinearities, such as
HALOFIT [65,66], and to use phenomenological models
for the galaxy bias. This approach is standard in the
analyses of photometric survey data, which are affected
by nonlinear effects down to small scales. However, this too
has its limitations: since the fitting formulas are not derived
from first principles, their applicability to extensions of
ACDM is, at best, questionable. In the context of EDE, the
use of HALOFIT has been justified [40] by noting the
smallness of the deviation from a ACDM cosmology in
the allowed region of EDE parameter space, and by a close
match of posterior distributions in the fit to the DES data
[18], namely those obtained with the nonlinear matter
power spectrum computed with HALOFIT, and those
obtained when replacing the DES data with a prior on
Sg (which by definition requires only linear theory). This
comparison suggests that HALOFIT is precise enough for
the photometric LSS datasets available today.

Another approach to galaxy clustering is nonlinear
perturbation theory, whose formulation was recently final-
ized in the framework of the effective field theory of large-
scale structure [67,68]. Even though the EFT is intrinsically
limited to a narrow range of wave number k < 0.5 h/Mpc,
it gives unprecedented accuracy in the description of
nonlinear clustering within these scales. Perturbative
techniques are typically used in spectroscopic surveys,
which aim at reconstructing the three-dimensional matter
distribution, allowing for a clear separation of scales.
Importantly, the EFT can robustly account for all effects
shaping the observed map of LSS: nonlinearities in the
underlying matter field, galaxy bias, RSD, fingers of God,
baryonic feedback, etc. The EFT provides us with a general
large-scale description of a cosmological fluid that pos-
sesses rotation symmetry and obeys the equivalence prin-
ciple. Both these symmetries are present in the EDE
scenario, which makes the EFT an adequate tool to analyze
the BOSS redshift-space clustering data in this model. In
the rest of this paper, we will use the one-loop EFT model
parametrized as in Ref. [20] (see also Refs. [21,53] and
references therein for more detail about theoretical mod-
elling and the EFT approach).6

It is instructive to look at the effects of the EDE on the
observed redshift-space galaxy power spectrum. We will
consider its decomposition into multipole moments: in
particular, the £ = 0 isotropic component (monopole) and
the leading contribution to anisotropic galaxy clustering,

®This model requires seven nuisance parameters for each BOSS
data chunk. These are galaxy bias parameters by, b,, bg,, the
constant shot-noise contribution Py, the quadratic counterterms
c%, c%, and the higher-order fingers-of-God counterterm ¢. This
parameter also accounts for the effect of fiber collisions on the
measured quadrupole moment.
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Multipoles of the galaxy power spectra at z = 0.61, before (left panel) and after (right panel) marginalizing over nuisance

parameters, along with the high-z NGC BOSS data. The predictions of the ACDM model are shown with solid curves, while the EDE
predictions are shown with dashed curves. In the right panel (after marginalizing over nuisance parameters) the curves cannot be
distinguished by eye; the fractional difference in these curves is shown in Fig. 4.

the £ = 2 moment (quadrupole). These are the spectra that
will be used in our data analysis. Let us focus on the power
spectrum at z = 0.61, which corresponds to the high-z
NGC BOSS data. As a basis for comparison, we consider
the model parameters given in Egs. (7) and (8) for EDE and
ACDM, respectively, corresponding to the best-fit para-
meters from Ref. [40] in the fit to primary CMB, CMB
lensing, BAO, RSD, SNIa, and SHOES data.

If all nuisance parameters in the galaxy power spectrum
are fixed to the same values both in the EDE and in the
ACDM model, there are noticeable differences between the
two, which can be seen in the left panel of Fig. 3. There we
show the theoretical spectra for ACDM, whose nuisance
parameters were fit to the data, along with the EDE

NGC, z=0.61
0.02
0.01
o
=~ 0.00
<
~0.01
~0.02

predictions evaluated for the same set of nuisance para-
meters. However, most of this difference can be absorbed
into the nuisance parameters, when they are allowed to
vary. This effect is illustrated in the right panel of Fig. 3,
which shows the same spectra after fitting the nuisance
parameters for each cosmology separately. Note that the
difference between these parameters needed to compensate
the mismatch between ACDM and EDE is ~10%, which is
comparable to but smaller than the current precision with
which these parameters are measured from the data or
N-body simulations.

The fractional difference between the two models (after
absorbing the nuisance parameters) is shown in the left
panel of Fig. 4. One clearly sees that the monopole features

NGC, z=0.61

1.0 T T T T T

| | .e (=0
o5l o I Cel=2 ]

o eS8 o8, | |
2 g0pess® ;,:}3 e !::::”"‘toiil’ﬂllﬂC'“..m

;L oo | e’ | |
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FIG. 4. Multipoles of the galaxy power spectrum at z = 0.61, after marginalizing over nuisance parameters as in the right panel of
Fig. 3. Left panel: Fractional difference between ACDM and EDE: AP/P = (PEPE — pACDM) / pACDM The monopole features a 0.3%
pattern produced by the mismatch in the shape of the BAO wiggles between the two models, whereas the quadrupole exhibits a O(2%)
fractional difference at low k. Right panel: Fractional difference in units of the BOSS data error bar for every wave-number bin: AP/cp.
(Note that the neighboring k bins are correlated). The biggest discrepancy is observed in the shape and position of the BAO wiggles in

the monopole; see the main text for details.
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a 0.3% pattern produced by the mismatch in the shape and
location of the BAO wiggles between the two models,
whereas the quadrupole exhibits an O(2%) fractional
difference at low k’s. When normalized to the actual
data error bars, the biggest discrepancy is observed in
the shape of the BAO wiggles in the monopole, as seen in
the right panel of Fig. 4. The origin of this discrepancy
can be understood as follows: The shape of the BAO
wiggles is sensitive to @, [20], which is different in
the two models. This effect is more significant in the
monopole because the nonlinear suppression of the BAO
wiggles is weakest for this moment [69], while the
statistical error bars are smallest. It is important to stress
that the EDE model predicts ~2% larger velocity fluc-
tuation amplitude fog, which is constrained through the
correlation of the monopole and quadrupole moments. The
excess in the quadrupole amplitude is clearly seen in the left
panel of Fig. 4. It is worth mentioning that the oscillating
residual observed in Fig. 4 is larger than the numerical
inaccuracies of the cLASS-PT code, which do not exceed the
0.1% level [53]. It was shown in Ref. [54] that this level of
accuracy is sufficient to ensure unbiased cosmological
constraints even for a galaxy survey many times larger
than BOSS.

All in all, the difference in the y? statistic between the
two models for the high-z NGC sample is Ay = 2.1.
Repeating the same exercise for the three other BOSS data
chunks, we find the cumulative Ay? = 2.5. This simple
comparison suggests that the BOSS data can improve the
constraints on the EDE model in combination with other
datasets, such as the CMB.

Note that this comparison is based on the best-fit
parameters from Eq. (7) obtained without the full-shape
BOSS data. This set of parameters may no longer be a
best fit after the addition of this data, which is expected
to break some parameter degeneracies. What is relevant
to estimate the evidence for EDE as a valid resolution to
the Hubble tension is the difference between the actual
best fits at fgpg ~#0 and fgpg ~ 0.1, obtained in the
presence of the BOSS data. This will be addressed in
the following sections, and in particular, in Appendix B.
The main purpose of our exercise presented in this
section is to illustrate, at the qualitative level, that the
BOSS data have the potential to improve the EDE
constraints.

IV. CONSTRAINTS ON THE EDE SCENARIO

In the following, we use a combined Einstein-Boltzmann
code comprised of CLASS_EDE [40] and CLASS-PT [53] (both
extensions of CLASS [70]), interfaced with the Monte Carlo
sampling code MONTE PYTHON [71,72]. Each of these
codes is publicly available. We perform Markov-chain
Monte Carlo (MCMC) analyses, sampling from the pos-
terior distributions using the Metropolis-Hastings algo-
rithm [73-75], with a Gelman-Rubin [76] convergence

criterion R—1<0.15 (unless otherwise stated).7 We
analyze the MCMC chains using both MontePython and
Getist [77],% which give very similar results.

It is important to note that there are two commonly used
ways to present 68% marginalized confidence intervals in
the case of two-tailed limits. The first is to display a limit
such that 32% of samples are outside the limit range—i.e.,
that either tail contains 16% of the samples. The second
option is to quote an interval between two points with the
highest equal marginalized probability density (called the
“credible interval”). The two approaches yield identical
confidence intervals for the Gaussian distribution, but can
notably differ if the distribution is skewed, which is the case
for the parameter posterior distributions of the EDE model.
Given this uncertainty, we use the second approach in the
main part of the paper and present the alternative estimates
obtained with the equal-tail method in Appendix A. Note
that the equal-tail method was used in Ref. [40]. In either
case, the limit will be presented here as

-+ (upper 68% limit-mean)
mean—(mean—lower 68% limit) *

As far as fgpg is concerned, we will see that its posterior
is peaked at the lower boundary fgpg = 0.001, and hence
we will quote the 95% C.L. upper limit—i.e., the point
where the cumulative probability distribution function
equals 0.95.

We impose uniform priors on the EDE parameters:
fepE=10.001,0.5], log(z.)=[3.,4.3], and 6,=[0.1,3.1].
For a detailed discussion of priors in the context of EDE,
see Ref. [40]. We fix n = 3 throughout, as the data only
weakly constrain this parameter [26]. We assume broad
uniform priors on the standard ACDM parameters, and,
following the Planck convention, we fix the sum of the
neutrino masses to be 0.06 eV, assuming one massive
eigenstate and two massless eigenstates. We fix the
effective number of relativistic species N.g = 3.046.

Constraints on EDE from the primary CMB anisotropies
alone were first reported in Ref. [40], which we take
as the starting point for our analysis. That work found no
evidence for EDE in the Planck 2018 primary CMB temper-
ature and polarization data, obtaining a 95% C.L. upper
bound fgpg < 0.087, below typical values needed to
fully resolve the Hubble tension (see, e.g., Fig. 2 or
Refs. [25,26], which indicate that fgpg ~0.10-0.12 could
resolve the Hubble tension). Reference [40] found

"Our convergence criterion is somewhat weaker than the
typically used criterion R — 1 < 0.1. We have chosen to use R —
1 < 0.15 as a compromise, because the parameter exploration of
the joint BOSS + Planck likelihood turned out to be computa-
tionally expensive. The quantile criterion applied to our sample of
2 x 107 accepted Monte Carlo steps shows that the relative
variance between the parameter errors from different subsamples
is less than 10%.

8https://github.com/cmbant/getdist
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TABLE I. The mean (best-fit) +1¢ constraints on the cosmological parameters in ACDM and in the EDE scenario with n = 3, as
inferred from the combination of BOSS FS 4+ BAO and Planck 2018 TT + TE + EE + low-£ + lensing data. The upper limit on fgpg is
quoted at 95% C.L. The EDE component is not detected here; a 68% confidence limit yields frpr = 0.025120%! ‘i e consistent with

-0.025 >

zero. The EDE value of H| is in 3.60 tension with the SHOES measurement (H, = 74.03 + 1.42 km/s/Mpc).

Parameter ACDM EDE (n = 3)
In(10"4,) 3.043(3.034) £0.014 3.047(3.049) £ 0.014

ng 0.9656(0.9655) + 0.0037 0.9696(0.9717) 30048
1000, 1.04185(1.04200) =+ 0.00029 1.04172(1.04126) + 0.00032
Q,h? 0.02241(0.02233) £ 0.00014 0.02255(0.02245) + 0.00018
Qeamh? 0.1192(0.1191) F0:59987 0.1215(0.1243) £0.5013
Treio 0.0546(0.0503) 00063 0.0553(0.0543)*0:9%62
logy(z.) - 3.71(3.52)92

fEDE < 0.072(0.047)

0; 2.023(2.734)% )1,

Hy [km/s/Mpc]

67.70(67.56) + 0.42

68.54(68.83) 1032

Q, 0.3105(0.3112)+0:0053 0.3082(0.3120)%55057
- 0.8077(0.8039) + 0.0058 0.8127(0.8195) 000t
Sg 0.822(0.819) +0.010 0.824(0.827) +0.011

Constraints from Planck 2018 data + BOSS DR12.

Hy = 68.29"/ 05 km/s/Mpc in the EDE fit to Planck
alone, slightly larger and with a considerably larger error
bar than the corresponding ACDM value, H, = 67.29 &+
0.59 km/s/Mpc. The Sg parameter was found to be
Sg = 0.839 £ 0.017, again slightly larger than the ACDM
value, Sg = 0.833 4+ 0.016. For a complete discussion and
plots of the posterior distributions, we refer the reader to
Ref. [40]. When plotting Planck-only results in the figures
below, we use the MCMC chains from Ref. [40].

A. Datasets

For the CMB, we use the final Planck 2018 TT + TE +
EE + low-Z + lensing likelihood [78]. We follow the
standard analysis routine for this likelihood and vary all
necessary nuisance parameters required to account for
observational and instrumental uncertainties.

For BOSS, we use the data from final release DR12 [44],
implemented as a joint full-shape + BAO likelihood in
Ref. [23]. We refer the reader to Refs. [20,53] for details of
the pre-reconstruction full-shape galaxy power spectrum
likelihood (based on the EFT described earlier) and to
Ref. [23] for details of the post-reconstruction BAO
extraction and the BAO-FS covariance matrix. The like-
lihood includes pre- and post-reconstruction anisotropic
galaxy power spectrum multipoles £ = 0, 2 across two
nonoverlapping redshift bins with z. = 0.38 (low z) and
Zef = 0.61 (high z) observed in the North and South Galactic
Caps (NGC and SGC, respectively). This yields four
independent data chunks with a cumulative volume
~6(h~! Gpc)?. These data chunks have different selection
functions, and hence require separate sets of nuisance
parameters. We use wide conservative priors on the nuisance

parameters, as in Ref. [20]. We use the wave number range
[0.01,0.25] 2 Mpc~! for the pre-reconstruction power spec-
train the FS part of the likelihood and [0.01, 0.3] 2 Mpc~! for
the BAO measurements from the post-reconstruction spectra.

Finally, we include additional LSS data from photo-
metric surveys in the analysis. In particular, we consider the
DES photometric galaxy clustering, galaxy-galaxy lensing,
and cosmic shear measurements [18], in addition to weak
gravitational lensing measurements from KV-450 [41,42]
and HSC [43]. It was demonstrated in Ref. [40] that the
DES-Y1 dataset—namely, the “3x2pt” likelihood from
two-point correlations of photometric galaxy clustering,
galaxy-galaxy lensing, and cosmic shear—is well approxi-
mated in the EDE analysis (with Planck and other datasets)
by a Gaussian prior on Sg corresponding to the DES
measurement. Guided by this, we include DES-Y1, as well
as KV-450 and HSC, via priors on Sg. For DES, we use the
result Sg = 0.77310 55 for KV-450, we use the result from
Ref. [42], Sg = 0.7371“8.'8;‘2 ; and for HSC, we use the result
from Ref. [43], S5 = 0.780f8:833§). The inverse-variance
weighted combination of these measurements gives
Sg = 0.770 £ 0.017. In what follows, we will refer to this
combination simply as “Sg.”

B. EDE Meets BOSS: Constraints on EDE from the
CMB and BOSS FS+BAO

We perform a joint analysis of the CMB temperature,
polarization, and lensing data combined with the BOSS
DR12 full-shape and BAO likelihood. The nonlinear spectra
are computed using CLASS-PT [53], as discussed in Sec. III.
Parameter constraints are given in Table I, and the posterior
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Posterior distributions for the parameters extracted from the joint Planck 2018 TT + TE + EE + low-¢ + lensing + BOSS

DR 12 (FS + BAO) likelihood. For reference, we also display the constraints from the Planck 2018 primary CMB data alone
(TT + TE + EE), obtained in Ref. [40]. The dark-shaded and light-shaded contours mark 68% and 95% confidence regions,
respectively. The gray band shows the H, measurement from SHOES, for comparison (1o and 2¢ regions in dark and light gray,

respectively).

distributions for a subset [H, ®4m» 03, fEpE> 10€10(2¢ ), 0;]
are given in Fig. 5. The full triangle plot with all cosmo-
logical parameters can be found in Appendix A.

We find no evidence for EDE in this analysis, obtaining
an upper bound fgpg < 0.072 at 95% C.L., representing a
~20% improvement on the constraint from the fit to
CMB data alone [40]. This is accompanied by a
downward shift in Sg compared to that found from the
CMB alone (Sg =0.839+0.017 [40]), and we find
Sg = 0.822 +0.010. This is mirrored in ACDM, and we
find Sg = 0.824 £ 0.011, again smaller than that found in
the fit to the CMB alone (S5 = 0.833 + 0.016). This is
driven by parallel shifts in o3 and Q,,; see Table 1.

We find that H, is shifted slightly upwards in both
ACDM and EDE relative to its value in fits to the CMB

alone. We find H, = 68.54"52 km/s/Mpc and H, =
67.70 £0.42 in EDE and ACDM, respectively, both in
significant tension with SHOES (3.60 and 4.30, respec-
tively). Both move towards the CMB-independent meas-
urement Hy = 68.6 + 1.1 km/s/Mpc from BOSS BAO
data with a BBN prior imposed on @, [23]. This slight
increase in Hy when BAO is included is well known in the
context of ACDM (see, e.g., Refs. [2,44]). This shift can be
traced back to the fact that the effective volume-averaged
distance’ Dy, imprinted in the BAO and the power spectrum

’Defined as Dy(z) = (zD3(z)H™"(z))"/3, where D,(z) and
H(z) are the comoving angular diameter distance and the Hubble
parameter at redshift z, respectively.
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turnover is a very weak function of the background
cosmology, and it probes, essentially, only H,. That this
is paralleled in EDE reflects not only the BAO preference
for slightly larger H,, but also the fact that EDE becomes
indistinguishable from ACDM in the limit fgpg — O.
The constraints on the other standard ACDM parameters
similarly track the ACDM constraints—e.g., the spectral
index is reduced to n, = 0.9696 s, nearly identical to
the value in ACDM fit to the same dataset combina-
tion, n, = 0.9656 £ 0.0037.

The timing of the EDE shows a preference for
logio(z.) = 3.715933, though there is substantial support
on the boundary of the prior at log;,(z.) = 4.3. Similarly,
we find §; = 2.0237,3,, with a posterior distribution that
has substantial support at 9; ~ 0.

Finally, it is interesting to compare the results of this
subsection with those obtained from the combination of the
Planck 2018 data and the standard BAO + RSD likelihood
from BOSS. The details of this analysis are given in
Appendix D. The “compressed” BOSS likelihood does
not appreciably narrow the Planck-only limits, and there-
fore does not confidently rule out the EDE as a resolution to
the Hubble tension. We find Hy = 68.7117$? km/s/Mpc,
consistent with the upward shift in H,, expected from the
BOSS BAO likelihood. However, due to the lack of shape
information as compared to the EFT likelihood, the com-
pressed likelihood allows for the increase of w4, asso-
ciated with the upward shift of H, within the EDE model.
This pushes the fgpg posterior slightly away from the
origin along the H,-fgpg degeneracy direction. The cor-
responding 95% confidence limit fgpg < 0.096 is com-
patible with the amount of the EDE required to account for
the Hubble tension. This shows that the shape information
beyond the commonly used fog-BAO parametrization
plays a crucial role in our Planck + BOSS constraints on
the EDE scenario.

It is useful to check the extent to which our constraints
can be affected by the prior volume effects. The standard
way to assess prior volume effects is to compare the 1D
marginalized distribution for a given parameter with the
average-likelihood profile of the samples for the same
parameter [2,72,73]. The latter is a smeared-out version of
the best-fit 2 profile. If the mean likelihood is increased
through the inclusion of additional model parameters, one
may say that they indeed improve the fit to the data on
average. This should be contrasted with the situation where
the extra parameters need to be fine-tuned to obtain better
fits. The smearing is introduced exactly for this reason as it
down-weights the y? values obtained as a result of fine-
tuning. This is an important test, as the EDE model has
three extra parameters compared to the base ACDM
model, which, at face value, should always improve the
fit. In our exercise, we have found that the mean likelihood
profile for fgpg is monotonically decreasing toward large
frpe, and its shape is close to the shape of the 1D

marginalized distribution; for more details, see
Appendix B. This indicates that our limits are not driven
by the prior volume effects.

C. Full combination of CMB and LSS data

We now supplement our analysis with additional LSS
data from DES-Y1, KV-450, and HSC via S5. We note that
these datasets are in mild (~2.50) tension with Planck +
BOSS within the EDE model (see Table I). However, we
have found that each experiment (DES, KV-450, HSC)
contributes roughly equally to the EDE constraints.
Excluding any one of these experiments from our dataset
makes the remaining combination consistent with Planck +
BOSS and does not impact significantly our final con-
clusions. We use posterior sampling to estimate the result of
a full combined analysis.

There are several important caveats in our weak-lensing
(WL) analysis, which should be borne in mind when
interpreting our WL results.

First, we treat all LSS datasets as independent in our
work. The covariance between the different WL surveys
that we use is small, as argued in Ref. [40]. This is due to a
small sky overlap, different survey depths, and different
photo-z calibration, which diminishes the impact of a
possible common systematic. As far as the covariance
between BOSS and WL surveys is concerned, the sky
overlap between BOSS and the DES-Y'1, KV450, and HSC
footprints is only 1%, 2%, and 1.5% [79-81] of the total
BOSS footprint, respectively; hence, the cross-covariance
is negligibly small as well.

The second caveat is regarding the compression of the
WL likelihoods; we approximate the WL surveys with a
Gaussian prior on Sg. This procedure was validated in
Ref. [40] for DES both in the EDE and ACDM contexts.
Since the likelihoods for other surveys are not available at
the moment, we approximate the other WL likelihoods with
the Sg prior as well. This practice should be accurate for
these surveys as well; indeed, the Sg estimates from HSC
and KV-450 are more Gaussian than that of DES, for which
the Gaussian approximation to Sg was shown to capture all
relevant information in combination with Planck. The Sy
compression, of course, misses some additional informa-
tion contained in the WL surveys. However, since this
information was found to be negligible for DES Y1 (more
precisely, to have minimal impact on the posterior distri-
bution of EDE model parameters), we expect it should also
be negligible for KV-450 and HSC, which have larger
statistical errors and hence have less signal beyond Sg
than DES.

The third important caveat is that the KV-450 and HSC
measurements are based on nonlinear biasing models
similar to the that of the EFT. This suggests that a more
accurate analysis of the WL data should be carried out in
the EFT framework, with a common set of nuisance
parameters for overlapping galaxy selections, as was done
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TABLE II. The mean (best-fit) 10 constraints on the cosmological parameters in ACDM and in the EDE scenario with n = 3, as
inferred from the combination of BOSS FS + BAO, Planck 2018 TT + TE + EE + low-£ + lensing, and DES + KV-450 + HSC Sy
data. The upper limit on fgpg is quoted at 95% C.L. The EDE component is not detected here; a 68% confidence limit is

fepe = 0.019700%0 e, consistent with zero.

Parameter ACDM

EDE (n = 3)

In(101A)

3.036(3.039) + 0.014
n, 0.9674(0.9727) + 0.0037

3.038(3.034) £ 0.014
0.9696(0.9621) 0904

1000, 1.041945(1.041966) £ 0.00030 1.04178(1.04176) = 0.00035
Q,h? 0.02249(0.02273) £ 0.00013 0.02259(0.02243)*0.00016
Qeamh’® 0.1182(0.1157) + 0.00081 0.11958(0.11951)*0007%%°
Treio 0.0527(0.0591) % 0.0067 0.0535(0.0521)j8:887659
logio(zc) = 377(4.24)%33

SEDE < 0.0526(0.0115)

O 1.91(1.55)% 3,

H, [km/s/Mpc]

68.13(69.28) + 0.38

68.73(67.92) 1043

Qn 0.3046(0.2859) + 0.0049 0.3024(0.3091) + 0.0050
o5 0.80204(0.7947) + 0.0053 0.8044(0.8023) *0-9989
Sg 0.8082(0.7810) + 0.0086 0.8075(0.8143) + 0.0092

Constraints from Planck 2018 data + BOSS DR12 + Sg from DES + KV-450 + HSC.

in Ref. [80]. A proper joint analysis of the BOSS and WL
data would break degeneracies between the nuisance and
cosmological parameters, which in turn would strengthen
the constraints compared to our analysis where the WL and
BOSS galaxies are treated effectively as independent. We
adopt a similar conservative approach in our BOSS like-
lihood, where we treat various data chunks independently
on the basis that their selection functions are slightly
different, although this difference is not statistically
significant; see, e.g., Ref. [21] for the study of the NGC
and SGC high-z samples. All in all, we leave the WL
analysis within the EFT for future work. At this point, we
present the results of our approximate treatment, which,
nevertheless, is expected to be accurate enough for our
purposes.

The resulting parameter constraints from our analysis
are given in Table II, and the posterior distributions are
shown in Fig. 6 (the full triangle plot can be found in
Appendix A). We find no evidence for the EDE component,
but rather a 26% improvement on the upper bound from the
analysis with BOSS DR12 in the previous subsection. We
find fepg = 0.019700%°, consistent with null, with an
upper bound fgpg < 0.053 at 95% C.L. Accordingly, there
is very little constraining power on logo(z.) or 6;, as
seen in the posteriors in Fig. 6. We find the Hubble
constant to be H, = 68.737)4s km/s/Mpc and H, =
68.13 + 0.38 km/s/Mpc in EDE and ACDM, respectively.
The ACDM result is more than 46 away from the SHOES
measurement (in units of the SHOES standard deviation),
while the EDE result is more than 3.5¢ away from SHOES,
indicating little prospect for resolving the Hubble tension
within the EDE model. From a Bayesian perspective, this

tension implies that the SHOES dataset should not be
combined with the others analyzed here, even in the
broadened EDE parameter space. Overall, the constraints
on the standard cosmological parameters are very similar in
both the EDE and ACDM models, which suggests that
current LSS datasets have almost saturated all possible
channels to constrain the EDE model; i.e., almost all
degeneracies between the EDE and standard cosmological
parameters are broken.

Finally, we perform an additional test of our analyses,
detailed in Appendix C. It has been suggested [26,46] that
the null results of searches for EDE in combined datasets
that do not include the SHOES measurement are due to a
failure of the Metropolis-Hastings algorithm to explore the
EDE parameter space, stemming from parameter degener-
acies that emerge in the ACDM limit, fgpg — 0. This
would suggest the existence of an as-yet hidden region of
EDE parameter space that is able to accommodate both the
local and cosmological datasets, despite being strongly
excluded by the MCMC analyses heretofore performed. To
address this, we perform a MCMC analysis with a lower
bound fgpg > 0.04, so as to force the sampler away from
the ACDM limit of the EDE model, thus removing any
parameter-space volume effects associated with degener-
acies at fgpg = 0. We use the same dataset combination of
Planck 2018 + BOSS DR12 + Sg as used in Fig. 6. The
posterior distributions and parameter constraints are given
in Fig. 12 and Table VI, respectively. Even in this artificial
case, the posterior for fgpg is centered at the lower bound
of the prior. This strongly suggests that the combined
cosmological dataset does not favor any nonvanishing
amount of EDE, regardless of parameter-space volume

103502-12



CONSTRAINING EARLY DARK ENERGY WITH LARGE-SCALE ...

PHYS. REV. D 102, 103502 (2020)

I EDE, Planck TT+TE+EE
Il EDE, Planck + BOSS + Sg
I N\CDM, Planck + BOSS + Sg

SO L L
0.120 0.125 0.130 0.135

O .
66 68 70 72
Ho Wedm Og

h L L n 1 L L h —
0.80 0.82 0.84 0.86 0.05 0.10 0.15 3.2 3.6 4.0

A
05 10 15 20 25
feoe 10910 (2c) 6;

FIG. 6. Cosmological parameter constraints from the joint Planck 2018 TT + TE + EE + low-Z + lensing + BOSS DR 12 (FS +
BAO) + Sg (DES + KV-450 + HSC) likelihood. We also display the constraints from the Planck 2018 primary CMB data alone
(TT + TE + EE), obtained in Ref. [40]. The SHOES H,, measurement is shown in gray; the dark-shaded and light-shaded contours mark

68% and 95% confidence regions, respectively.

effects. Further details of this analysis, as well as a
frequentist y”> comparison, are given in Appendix C.

V. FORECAST EDE CONSTRAINTS WITH
FUTURE LSS DATA

The next generation of LSS experiments will dramati-
cally increase the volume and precision of LSS data, and in
particular, Euclid [58], DESI [59], WFIRST/Roman [82],
and Vera Rubin Observatory [83] (formerly LSST), will
provide an abundance of data across a range of redshifts. It
is expected that these new datasets will significantly
improve parameter inferences for the ACDM model and
its extensions.

We have thus far demonstrated that current datasets
severely constrain the EDE extension of ACDM, imposing

a2 95% C.L. upper bound fgpg < 0.053 (see Table II). It is
reasonable to expect that the next generation of experi-
ments will further improve on this bound, or aid in
detecting a small EDE component if it is indeed present
in the Universe. To quantify this, we now perform an EDE
sensitivity forecast for next-generation LSS experiments.
For concreteness, we focus on Euclid [58], which is
expected to measure the redshifts of 5 x 107 galaxies in
the interval 0.5 < z < 2.1. We expect the results for DESI
would be very similar, because the two surveys have
comparable characteristics (note that Euclid will also
perform photometric imaging, however).

We perform a MCMC analysis of the EDE model with a
combined dataset comprised of a forecast mock likelihood
for Euclid and the final Planck 2018 CMB data. We
construct the forecast Euclid likelihood assuming the
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TABLE IIL

The mean (best-fit) =10 constraints on the cosmological parameters in the EDE scenario with n = 3, as inferred from the

combination of BOSS FS 4+ BAO and Planck 2018 TT + TE + EE + lensing data and from the combination of the same CMB data
with the mock Euclid likelihood. The upper limit on frpg is quoted at 95% C.L.

Parameter

EDE (n = 3), BOSS

EDE (n = 3), Euclid

In(10'°4,)

1000, 1.04172(1.04126) £ 0.00032
Q,h? 0.02255(0.02245) = 0.00018
Qeamh? 0.1215(0.1243) 105033

Treio 0.05533(0.05433)£0.0069

3.047(3.049) £ 0.014
. 0.9696(0.9717) 3004

3.043(3.048) 700070
0.9641(0.9618) 5003
1.042(1.042) 1099927
0.02237(0.02232) 7000011
0.1204(0.1204) T304z
0.05554(0.5335) 50041

logyo(z.) 3.71(3.52)2933 3.46(3.47) 151

febE < 0.072(0.047) < 0.012(0.0023)

0, 2.023(2.734) 1, 2.634(2.73) 100

Hy [km/s/Mpc] 68.54(68.83) 032 67.5(67.26) 033

Qn 0.3082(0.312)0:0056 0.3149(0.317)2550;3

o5 0.8127(0.8195)+0:0072 0.8104(0.8115) 5607

S 0.8237(0.8275) £ 0.011 0.83038(0.83209) + 0.0032

Constraints from Planck 2018 + mock Euclid and Planck 2018 + BOSS DR12 data.

best-fit base ACDM model found by Planck 2018. This
methodology is very close to a Fisher forecast, but it is free
from the assumptions of the Fisher approximation. In
particular, it is accurate in the case of a non-Gaussian
posterior distribution, which is especially important for the
EDE model.

Our goal is to pinpoint the additional constraining power
due to Euclid in the EDE analysis with combined CMB +
LSS data. To this end, we construct a forecast Euclid
likelihood assuming the null hypothesis (fgpg = 0) and
perform a sensitivity forecast for fgpg. This approach is
consistent with the fact that the current Planck + LSS data
show no evidence for the EDE scenario. We additionally
note that the constraining power of the real Planck 2018
TT + TE + EE + low-£ and lensing likelihood is signifi-
cantly stronger than publicly available mock CMB like-
lihoods, such as the fake planck realistic
likelihood included in MONTE-PYTHON v-3.1 [71], which
does not include the 217 GHz channel present in the real
Planck data. We further note that present (real) TT + TE +
EE Planck data alone already excludes most of the region of
EDE parameter space relevant to the Hubble tension (see
Table I of Ref. [40]). For these reasons, as well as to better
isolate the impact of Euclid, we do not utilize a mock CMB
likelihood for this analysis, and instead rely on real
CMB data.

We use the mock Euclid redshift-space power spectrum
likelihood introduced in Ref. [55], with the survey speci-
fication of Ref. [84]. The mock power spectra are generated
using the forecast for the density distribution of emission-
line galaxies (ELGs) across eight nonoverlapping redshift
bins of width Az = 0.2 spanning the range 0.5 < z < 2.
Assuming the sky fraction of the survey f, = 0.3636, this

yields a total volume of ~70(Gpc/h)?, which is roughly 10
times bigger than the volume of the BOSS survey.

Our mock likelihood is based on the same nonlinear
model for matter clustering, bias, redshift-space distortions,
and baryonic effects as the one used for the BOSS data
analysis. However, there are two minor differences that
should be mentioned. First, we do not scan over the next-to-
leading-order fingers-of-God counterterm ¢. This term was
omitted because the ELGs are expected to be less affected
by fingers of God [55] than the luminous red galaxies
observed by BOSS. Second, we include the hexadecapole
moment in our forecast Euclid likelihood. This moment is
accompanied by an additional k> counterterm. All in all, our
theoretical model captures various nonlinear effects by
seven nuisance parameters in every redshift bin, which
totals to 56 LSS-related parameters to be marginalized over.
We do not assume any priors on the nuisance parameters in
order to keep the analysis more conservative. Our mock
likelihood also includes the two-loop theoretical error
covariance [85], which automatically implements realistic
data cuts. Note that unlike the baseline analysis of Ref. [55],
we do not include the bispectrum data, which could improve
the constraints on the EDE scenario even further.

The parameter constraints from the fit to the combined
real Planck likelihood and forecast Euclid likelihood
are given in Table III, and the posterior distributions are
shown in Fig. 7. We find that the EDE component is
constrained to peak at less than 1.2% of the energy
density of the Universe; we find fgpg < 0.012 at
95% C.L. This is a factor-of-6 improvement over the
constraints from Planck 2018 with BOSS DR12 (Table I).
We find a more modest improvement on the Hubble
constant, with an error that is decreased from o(H) =~
0.70 km/s/Mpc to o(Hy) ~0.20 km/s/Mpc.
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Posterior distributions for the parameters extracted from the joint Planck 2018 TT + TE + EE + low-# + lensing +

mock Euclid/DESI likelihood, compared to those from Planck + BOSS data.

As in the ACDM case discussed in Refs. [55,57], the
primary gain comes from better measurements of @z,
from the power spectrum shape, H, from the BAO, and
fog, probed through RSD. These improvements are com-
parable to the ones obtained for ACDM in Ref. [55] and
roughly correspond to the increase in the number of

measured modes, \/Vguiia/Veoss ~ 3. Our results follow
the trend seen in the analysis of the Planck + BOSS + Sy

data: the constraints on the parameters of the EDE scenario
are very similar to the ACDM ones, which indicates that all
detection channels for the EDE are nearly exhausted after
the addition of the LSS data.

VI. DISCUSSION AND CONCLUSIONS

The EDE scenario is a potentially compelling early-
Universe resolution to the persistent and increasingly
significant disagreement in late- vs early-Universe

inferences of the Hubble constant. The EDE model success-
fully decreases the comoving sound horizon, allowing for a
fixed angular size of the sound horizon even for an increased
H,. Combined with accompanying shifts in the other
standard ACDM parameters—e.g., the physical dark matter
density—this can provide a good fit to the Planck 2018 CMB
temperature and polarization data for H values in near
agreement with SHOES. However, as emphasized in
Ref. [40], these parameter shifts are in tension with other
cosmological datasets, and in particular, LSS data. This
comes at a time when LSS data, in combination with a BBN
prior on the baryon density, provides a CMB-independent
early-Universe measurement of H, [19,21,23,57] that is
consistent with the value inferred from Planck 2018
CMB data.

Past claims of evidence for the EDE scenario (e.g.,
Refs. [25,26]) were based on the Planck CMB data
combined with several external datasets, such as SHOES,
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BAO, supernovae, and fog measurements from RSD.
Crucially, SHOES was used in the joint analysis without
first checking whether the H, posterior from the non-
SHOES datasets was statistically consistent with the
SHOES measurement. As shown in Ref. [40] and in this
paper, this is not the case. Thus, from a Bayesian
perspective, one should not analyze SHOES in tandem
with the other cosmological datasets. Moreover, the
datasets considered in previous claimed EDE detections
are not complete. First, they exclude photometric galaxy
clustering and weak lensing data. Second, they rely on a
simplified ‘“compressed” redshift-space galaxy power
spectrum likelihood that ignores the matter power spec-
trum shape information and implicitly assumes standard
early-Universe physics.

The impact of the galaxy clustering and weak lensing
data on the EDE constraints was recently studied in
Refs. [40] and [86]. Hill ef al. (2020) [40] first showed
that the primary CMB data alone does not reveal
significant evidence for the EDE model. Moreover,
the constraints on the EDE model strengthen after
taking into account the data from photometric surveys.
The “walking barefoot” analysis of Ref. [40], based on
all available cosmological datasets without SHOES,
yielded an upper limit fgpg < 0.060 (95% C.L.), sig-
nificantly lower than the value fgpg~ 0.1 needed to
resolve the Hubble tension. Thus, the addition of the
LSS data rules out the EDE model as a resolution to the
Hubble tension.

Chudaykin et al. (2020) [86] claimed that the photo-
metric LSS data does not rule out the EDE model if the
¢ > 1000 region of the Planck power spectra are discarded
and replaced with the SPTPol measurements [87]. This was
motivated by the presence of the so-called “lensing
anomaly” in the Planck high-# data. The significance of
this anomaly is 2.8¢ [2], which still makes it compatible
with a statistical fluctuation, and no systematic has been
identified as a culprit despite significant dedicated analysis
[88,89]. Thus, we believe that the presence of this mild
tension does not give a sufficiently strong reason to discard
the Planck high-Z data, which has more statistical power
than the SPTPol measurement. It is also worth noting that
ACDM does not provide a very good fit to the SPTPol
power spectra (PTE = 0.017), and there are mild internal
parameter tensions within the SPTPol dataset (see Sec. 8
of Ref. [87]).

In this paper, we have investigated whether the
addition of the full BOSS galaxy power spectrum
likelihood, with all cosmological parameters varied,
can change the conclusions of previous analyses based
on a compressed “official” version of this likelihood. In
particular, while past analyses of EDE have relied on a
direct application of the official RSD BOSS likelihood,
which can be seen as constructed from the full BOSS
likelihood by assuming standard early-Universe physics

as implemented through priors on the shape of the
power spectrum, in this work we have instead used the
full BOSS likelihood, with the power spectrum com-
puted in a self-consistent manner as described in
Sec. III. This removes any uncertainty as to the validity
of LSS constraints on the EDE model.

The full constraining power of redshift-space galaxy
clustering data can be accessed through the application
of the EFT of LSS [67,68]. This is evidenced through
Refs. [21-23,57], which find precise constraints on
cosmological parameters while relying only on the final
data release of BOSS. Motivated by this, and the results
of Ref. [40], here we have applied the EFT to the EDE
model, and computed parameter constraints from LSS
data. The EDE model can be succinctly parametrized by
three parameters: fgpg, Z., and 8;, which correspond to
the peak energy density as a fraction of the Universe,
the timing of this peak, and the initial condition for the
EDE field. See Fig. 1 for an illustrative example.
Previous analyses have shown that fgpg= 10% can
resolve the Hubble tension [25,26]. Our analyses using
the EFT lead to stringent upper bounds on fgpg, which
are incompatible with EDE as a resolution to the Hubble
tension.

We find that BOSS data, including the complete full-shape
and BAO likelihoods, in combination with Planck 2018
data, lead to a upper bound frpg <0.072 at 95% confidence.
A 68% confidence limit yields fEDE:0.025f8"83561, consis-
tent with zero. We find a value for the Hubble constant
Hy = 68.547032 km/s/Mpc, in 3.60 tension with the
SHOES measurement (H, = 74.03 4+ 1.42 km/s/Mpc).
Supplemented with additional LSS data in the form of an
Sg prior corresponding to the measurements of DES-Y1,
KV-450, and HSC (a procedure that was validated for the
EDE model in Ref. [40]), we find an upper bound fgpg <
0.053, with a 68% confidence limit frpg=0.019753%".
We find the Hubble constant H, = 68.73f8.'g92 km/s/Mpc,
again discrepant with the SHOES measurement at 3.6¢
significance.

Overall, the constraints obtained in this work are
similar to those of the “walking barefoot” (no-SHOES)
analysis from Hill er al. (2020) [40]. Both analyses rule
out the EDE model as a plausible resolution of the
Hubble tension. We note that our conclusions are differ-
ent from the recent results of Ref. [46]. However, the
analysis in Ref, [46] does not use the full-shape BOSS
likelihood and implements a nonstandard method in the
Sepe — 0 limit, in which some EDE parameters are held
fixed rather than varied in the MCMC. It would be
interesting to see if the discrepancy in results prevails
once the same pipeline is used.

Our results indicate that addition of the full-shape
information from the BOSS galaxy power spectrum
significantly improves the constraints on the EDE
scenario compared to both the primary Planck-only and
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Planck + standard FS BOSS results. In particular, it allows
us to rule out (at 95% C.L.) the region of the EDE
parameter space that addresses the Hubble tension in a
combined analysis with the Planck data. This can be
contrasted with the standard BAO/RSD BOSS likelihood
based on the approximate BAO + fog parametrization,
which (a) does not noticeably improve the Planck-only
constraints and (b) is moderately compatible with a
significant amount of EDE. This comparison is detailed
in Appendix D.

The importance of a consistent analysis of the galaxy
clustering data will increase even further in the era of future
surveys. Indeed, the coming decade will see the deploy-
ment of a new generation of LSS experiments, e.g., Euclid
[58], DESI [59], WFIRST/Roman [82], and the Vera Rubin
Observatory [83], each with the explicit aim of doing
precision cosmology with LSS. In light of this, we have
performed a sensitivity forecast of next-generation LSS
experiments to EDE. We have constructed a mock like-
lihood for Euclid assuming a nonobservation of EDE, with
a fiducial cosmology given by ACDM with the best-fit
parameters of Planck 2018. Taken in conjunction with
current Planck data, we obtain an upper bound fgpp <
0.012 at 95% C.L., which would constrain the fraction of
the Universe in the EDE component, at the peak of its
evolution, to be less than 1.2%.

These results indicate a bleak outlook for EDE as a
resolution to the Hubble tension. On the other hand, the
results are highly encouraging for the use of the EFT of LSS
as a probe of physics beyond the standard model, which
will be crucial for next-generation LSS experiments.
Experiments such as Euclid, DESI, WFIRST, and VRO
can be expected to tightly constrain not only the standard
ACDM parameters, but also significant model extensions,
such as EDE. While the prospect of EDE as a Hubble
tension resolution looks increasingly unlikely, this result
serves as motivation for further theoretical exploration to
find a model that successfully yields a high H, value when
fit to the wealth of precision cosmological data avail-
able today.
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APPENDIX A: FULL TRIANGLE PLOTS

In this Appendix, we present full triangle plots for the
cosmological parameters of the EDE model, considering
the following combinations of data: Planck + BOSS in
Fig. 8, Planck + BOSS + S; in Fig. 9, and Planck + mock
Euclid in Fig. 10. In the first two cases of real data, we also
show the ACDM constraints obtained from the same
datasets. Additionally, in Tables IV and V we present
alternative estimates of the confidence limits for the two
analyses of the real data using the equal-tail method (see the
discussion near the beginning of Sec. IV).

APPENDIX B: LIKELIHOOD PROFILE
FOR f EDE

In Fig. 11, we present the average likelihood curve
extracted from our MCMC samples of the Planck +
BOSS analysis for different values of frpg. This is a
standard output of the MONTE PYTHON code, obtained as
follows: First, we compute a grid of fgpg in the range
[0.001,0.12] with 20 equally spaced steps. Then, for every
SfEepe bin, we find all MCMC steps with fgpg values within
the bin and take an average of the likelihood over all these
steps. Thus, we take into account all parameters that were
varied in the MCMC chains.

The difference of our procedure from the best-fit test is
that we show the likelihood profile constructed by taking the
means of the y> samples from our chains that have a fixed
value of fgpg, and not the actual best fits. In other words, we
present a smoothed version of the best fit y2, and it has
several advantages over the best fits. First, the smoothing
down-weights the parameters that have to be fine-tuned to
produce a good fit. This is especially important in the context
of the EDE, which has three extra parameters compared to
the base ACDM. Second, it is much more computationally
cheap to extract the mean likelihood profile from the chains
than to compute best fits. Indeed, the calculation of the actual
best-fit y? is difficult because of the presence of a large
amount of nuisance parameters, whose distribution is often
flat. Using the average likelihood profiles to quantify the
goodness of fit and the prior volume effects is the standard
practice in the CMB data analyses [72,73,90], and we
believe that it is suitable to our purposes as well.

It is evident that this profile is a monotonically decreas-
ing function of fgpg, which implies that the EDE model
does not improve the fit over ACDM on average. We find
that the typical difference in the effective y? statistics
between ACDM (fgpg — 0) and frpg = 0.1 is Ay? ~ —4,
which roughly corresponds to 95% C.L. exclusion. Note
that in the Bayesian framework, the value fgpg = 0.1 is
excluded by around 36, which is somewhat stronger than
what we have obtained in the frequentist test here. This
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FIG. 8. Posterior distributions for the parameters extracted from the joint Planck 2018 TT + TE + EE + low-Z + lensing + BOSS
DR12 (FS + BAO) likelihood.
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FIG. 10. Posterior distributions for the EDE model parameters extracted from the joint Planck 2018 TT + TE + EE + low-£ +
lensing + mock Euclid/DESI likelihood.
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TABLE IV. The mean (best-fit) +1¢ constraints on the cosmological parameters in ACDM and in the EDE scenario with n = 3, as
inferred from the combination of BOSS FS 4+ BAO and Planck 2018 TT + TE + EE + low-£ + lensing data. The upper limit on fgpg is
quoted at 95% C.L. These results use the equal-tail method discussed in Sec. IV.

Parameter ACDM EDE (n = 3)
In(10°4,) 3.042(3.034) £0.014 3.047(3.049) £ 0.014

ng 0.9655(0.9655) + 0.0037 0.9694(0.9717) + 0.0055
1000, 1.04185(1.04200) + 0.00029 1.04173(1.04126) + 0.00032
Q,h? 0.02241(0.02233) + 0.00013 0.02254(0.02245) + 0.00018
Qeamh? 0.1192(0.1191) + 0.00091 0.1214(0.1243) + 0.0033
Treio 0.05428(0.0503) £ 0.0068 0.05520(0.05433) =+ 0.0070
logio(2c) e 3.70(3.52) 934

fEDE < 0.072(0.047)

0; 1.995(2.734) 934

Hy [km/s/Mpc] 67.68(67.56) + 0.42 68.51(68.83):07

Q, 0.3107(0.3112) + 0.0055 0.3082(0.3120) + 0.0057
oy 0.8074(0.8039) + 0.0056 0.8126(0.8195) 105050

Sg 0.822(0.819) £ 0.010 0.824(0.827) £ 0.011

Constraints from Planck 2018 data + BOSS DR12.

TABLE V. The mean (best-fit) +1¢ constraints on the cosmological parameters in ACDM and in the EDE scenario with n = 3, as
inferred from the combination of BOSS FS + BAO, Planck 2018 TT + TE + EE + low-¢ + lensing, and DES + KV-450 4+ HSC data.
The upper limit on fgpg is quoted at 95% C.L. These results use the equal-tail method discussed in Sec. IV.

Parameter ACDM EDE (n = 3)
In(10°4,) 3.036(3.039) = 0.014 3.038(3.034) £ 0.014

ng 0.9674(0.9727) + 0.0037 0.9696(0.9621) 09043
1000, 1.041945(1.041966) + 0.00030 1.04178(1.04176) + 0.00035
Q,h? 0.02249(0.02273) + 0.00013 0.02259(0.022433) £ 0.00017
Qeamh? 0.1182(0.1157) + 0.00081 0.1196(0.1195)*0:%1¢
Treio 0.052726(0.05911) + 0.0067 0.05349(0.05211)*0:90€2
logyo(z) 3.77(4.24)932

SEDE e < 0.0526(0.0115)

0; o 1.91(1.55)"07

H, [km/s/Mpc] 68.13(69.28) =+ 0.38 68.73(67.92) 705

Qn 0.3046(0.2859) + 0.0049 0.3024(0.3091) + 0.0050
o3 0.8020(0.7947) + 0.0053 0.8044(0.8023) + 0.0062
Sg 0.8082(0.7810) + 0.0086 0.8075(0.8143) + 0.0092

Constraints from Planck 2018 data + BOSS DR12 + Sg from DES + KV-450 + HSC.

suggests that our Bayesian constraints are affected by the
prior volume effects at a level of less than lo.

APPENDIX C: EDE AWAY FROM THE ACDM
LIMIT: ANALYSIS WITH A HIGH LOWER
BOUND ON frpi

In this Appendix, we present the results of an MCMC
analysis of the Planck 2018 + BOSS + Sg data with an

aggressive lower bound for the fgpg prior, fgpg > 0.04.
The purpose of this experiment is to clarify if the dearth of
evidence for EDE in the CMB and LSS datasets is an
artifact of the sampler failing to sufficiently explore
parameter space, owing to the parameter degeneracies that
emerge in the ACDM limit fgpg — 0, as claimed in, e.g.,
Refs. [26] and [46]. If this were true, then one would expect
that an MCMC analysis with fgpg strictly bigger than a
certain threshold value would lead to qualitatively different
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FIG. 11. The marginalized 1D posterior distribution (solid) and
the mean likelihood profile (dashed) for frpg, extracted from the
Planck + BOSS chains. The normalization is such that the
maximum of the distribution is equal to 1.

results, as the sampler would never approach the ACDM
limit where parameter-space volume effects could emerge.
We consider fgpg = 0.04 to be a reasonable lower thresh-
old, given that the best-fit value in the fit to Planck + BOSS
is fepg = 0.047 (see Table I).

The posterior distributions for the relevant cosmological
parameters are shown in Fig. 12, and the marginalized
limits are given in Table VI. The posterior distribution for
SfEpE 18 strongly peaked on the lower boundary of the prior,
and we find frpp < 0.084 at 95% C.L., consistent with the
analyses of this work and of Ref. [40], both of which find
no evidence for EDE. This indicates that the cosmological
constraints reported here, and in Ref. [40], are not due to a
failure of the Metropolis-Hastings algorithm to explore
parameter space.

Finally, we perform the following frequentist test: We
evaluate the Planck + BOSS + Sy likelihood for the EDE
model parameters fixed to the values given in Eq. (7)
(which suffice to resolve the Hubble tension), and find the
best-fit values of all remaining nuisance parameters, to
compute an effective y* statistic. The parameters in Eq. (7)
result from an analysis of a combined dataset that includes
the SHOES measurement, BAO, and other experiments,
while neglecting LSS data from DES, KV-450, and HSC
[40]; this dataset combination was chosen to match those
used in the EDE analyses of Refs. [25,26]. Of all the
analyses and dataset combinations considered in Ref. [40],
this came closest to consistency with the SHOES meas-
urement alone. One might imagine that these parameters
reflect an underlying preference of the CMB and LSS data
for nonzero fgpg, which is otherwise (i.e., in dataset
combinations that do not include SHOES) obscured due
to the failure of the sampler as described above. To test this
hypothesis, we compare the resulting )(gff with the one

TABLE VI. The mean (best-fit) =16 constraints on the cosmological parameters in the EDE scenario with n = 3, as inferred from the

combination of BOSS FS + BAO, Planck 2018 TT + TE + EE + low-£ + lensing, and DES + KV-450 + HSC data. Upper and lower
limits are quoted at 95% C.L. We present the results of two analyses differing by a lower prior bound on fgpg: baseline physical choice
Sfepe > O (right column) and artificial unphysical choice fgpg > 0.04 (left column).

Parameter fepe > 0.04 Sepe >0
In(101°4,) 3.042(3.027)70)¢ 3.038(3.034) +0.014
n, 0.9763(0.9742)+0.9061 0.9696(0.9624) 17057
1000, 1.041945(1.041966) + 0.00030 1.04178(1.04176) + 0.00035
Q,h? 0.02274(0.02278) 1359012 0.02259(0.022433) 50001
Q.amh? 0.1229(0.1219) F3%014 0.11958(0.11951)00005°
Treio 0.05282(0.04781) 00074 0.0535(0.0521)0:0069
logy(zc) 3.746(3.67) 02 3.77(4.24) 93
fEDE < 0.08384(0.04078) < 0.0526(0.0115)

0, 2.522(2.505) 046, 191(1.55) 5

H, [km/s/Mpc] 69.77(69.39) 1035 68.73(67.92) 1055

Q. 0.3007(0.3017) + 0.0052 0.3024(0.3091) + 0.0050
o5 0.8115(0.8040) 0008, 0.8044(0.8023) 70 0060
Sg 0.8126(0.8063) + 0.0096 0.8075(0.8143) + 0.0092

EDE away from the ACDM limit.

Constraints from Planck 2018 data + BOSS DR12 + Sg from DES + KV-450 + HSC.
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FIG. 12. Cosmological parameter constraints from the Planck + BOSS + Sg dataset with two different priors on fgpg: fepg > 0.001
(blue) and frpg > 0.04 (red). The posterior for frpg exhibits substantial support on the lower bound of the prior in both cases, even the
latter, for which the prior does not include the ACDM limit (fgpg = 0). This is consistent with our finding that there is no evidence for
EDE in combined CMB and LSS data, and excludes parameter-space volume effects as an explanation for this result. The SHOES H,
measurement is shown in gray. The dark-shaded and light-shaded contours mark 68% and 95% confidence intervals, respectively.

obtained from the best-fit parameters of the baseline

analysis of the Planck + BOSS + S5 data (see Table II).
This gives

22 (true best-fit) — 2, (cosmology from Eq. (7))

=3163.72 - 3170.2 = —6.48, (C1)
demonstrating that the (nearly) H,-tension-resolving
parameter set in Eq. (7) is indeed a worse fit to the data
than that found with a direct MCMC analysis. This indicates
that our constraints are not driven by prior volume effects.

APPENDIX D: EFT-BASED VS STANDARD
BOSS LIKELIHOODS

In this Appendix, we present a joint analysis of the
Planck 2018 data and the “consensus” BOSS DR12 FS +
BAO likelihood [44], and compare the results to those
found in Sec. IV B for the joint analysis of Planck 2018 and
our EFT-based BOSS likelihood. The consensus BOSS
DR12 FS + BAO likelihood is obtained from a fit of the
BAO and fog parameters to the BOSS data using a fixed
power spectrum template, which was computed for a
fiducial cosmology consistent with Planck ACDM. We
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I EDE, Planck TT+TE+EE
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FIG. 13.
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Posterior distributions for the parameters extracted from the joint Planck 2018 TT + TE + EE + low-Z + lensing + BOSS

FS + BAO data. We show the results obtained using the standard FS 4+ BAO likelihood (in blue) and the EFT-based likelihood (in red).
For reference, we also display the constraints from the Planck 2018 primary CMB data alone (TT + TE + EE), obtained in Ref. [40].
The gray band shows the H, measurement from SHOES, for comparison. The dark-shaded and light-shaded contours mark 68% and

95% confidence intervals, respectively.

use the MONTE PYTHON implementation of this likelihood,
after having corrected a non-negligible bug reported on
GitHub,'® which had not been fixed in the official code
distribution at the time when this manuscript was
finalized.

The resulting 1D and 2D posterior distributions are
shown in Fig. 13, along with those obtained in our baseline
analysis using the complete EFT-based full-shape

lOhttps ://github.com/brinckmann/montepython_public/issues/
112

likelihood. The corresponding marginalized limits are
presented in Table VII. One can see that the full likelihood
yields a narrower @y, posterior compared to the “com-
pressed” standard likelihood, which is consistent with the
improvement expected from the power spectrum shape
information. Thus, unlike the EFT-based likelihood, the
standard BAO 4 RSD likelihood does not allow one to
break the degeneracy between fgpg and @.y,. This
explains why the addition of the standard likelihood does
not noticeably improve the primary CMB-only EDE
constraints.
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TABLE VII. The mean (best-fit) =10 constraints on the cosmological parameters in the EDE scenario with n = 3, as inferred from the
combination of Planck 2018 TT + TE + EE + low-Z + lensing data with the standard (left column) and EFT-based (right column)

BOSS FS + BAO measurements. The upper limit on fgpg is quoted at 95% C.L.

EFT BOSS likelihood

Parameter Standard BOSS likelihood
In(10"°A) 3.053(3.060) F0013

ng 0.9713(0.9790) 0 6053
1000, 1.04185(1.04200) 1055033
Qh? 0.02256(0.02269) 5 000s
Qeamh® 0.1230(0.1269) 70508
Treio 0.05688(0.05755) 10007
logyo(zc) 3.67(3.813)10%
fEDE < 0.096(0.076)

0; 2.122(2.934)0%

H, [km/s/Mpc]
Qp

03

Ss

68.71(69.66) 105
0.3097(0.3096) *0.0062
0.8187(0.8286)"0.008

0.8316(0.8363) + 0.012

3.047(3.049) £ 0.014
0.9696(0.9717) 09046
1.04172(1.04126) + 0.00032
0.02255(0.02245) £ 0.00018
0.1215(0.1243) 00013
0.0553(0.0543) 100069
3.71(3.52) 102
< 0.072(0.047)
2.023(2.734) 1),
68.54(68.83) 032
0.3082(0.3120) 70 005
0.8127(0.8195) 99972
0.8237(0.8275) £ 0.011

Constraints from Planck 2018 data + BOSS DR12 for EDE (n = 3).
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