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Can acoustic and axionlike early dark energy still resolve the Hubble tension?
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In this paper, we reassess the ability of the acoustic early dark energy (ADE) and axionlike early dark
energy (EDE) models to resolve the Hubble tension in light of the new Pantheon+ and SH,ES data on the
one hand, and the baryon oscillation spectroscopic survey (BOSS) luminous red galaxies (LRG) and extended
baryon oscillation spectroscopic survey (eBOSS) quasistellar objects (QSO) data analyzed under the effective
field theory of large-scale structures (EFTofL.SS) on the other hand. We find that the Pantheon+ data, which
favor a larger 2, value than the Pantheon data, have a strong constraining power on the ADE model, while
the EFTofL.SS analysis of the BOSS and eBOSS data only slightly increases the constraints. We establish that
the ADE model is now strongly disfavored as a solution to the Hubble tension, with a remaining tension of
3.60 (according to the Opyap metric). In addition, we find that the axionlike EDE model performs better
when confronted to the same datasets, with a residual tension of 2.5¢. This work shows that the Pantheon+

data can have a decisive impact on models which aim to resolve the Hubble tension.

DOI: 10.1103/PhysRevD.110.023528

I. INTRODUCTION

The A cold dark matter (ACDM) model provides a
remarkable description of a wide variety of data from the
early Universe, such as cosmic microwave background
(CMB) or big bang nucleosynthesis, as well as observations
of large-scale structure from the late Universe, including
the baryon acoustic oscillation (BAO) and the uncalibrated
luminosity distance to supernovae of type la. However, as
the accuracy of cosmological observations has improved,
the concordance cosmological model starts showing several
experimental discrepancies. Among them, the Hubble
tension refers to the inconsistency between local measure-
ments of the current expansion rate of the Universe,
quantified by the Hubble constant H(, and the values
inferred from early Universe data assuming the ACDM
model. More precisely, this tension is essentially driven by
the Planck Collaboration’s observation of the CMB, which
predicts a value of Hy = 67.27 £+ 0.60 km/s/Mpc [1]
within the ACDM model, and the value measured by
the SHHES Collaboration using the Cepheid-calibrated
cosmic distance ladder, whose latest measurement yields
Hy=73.04 £ 1.04 km/s/Mpc [2,3]. The disagreement
between these observations results in an ~5¢ tension.
Experimental efforts are under way to establish whether
this discrepancy can be caused by systematic effects (see,
e.g., [4-9]), but no definitive explanation has yet been
found. This tension could therefore be indicative of new
physics, most likely located in the prerecombination era,
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which involves a reduction in the sound horizon before
recombination [10-15]. Early dark energy (EDE) models
are capable of producing such an effect by increasing the
total energy density of the Universe before recombination
with the addition of a scalar field [16-37] (for review of
EDE models, see Ref. [38], and for a review of models that
could resolve the Hubble tension, see Refs. [15,39]). In the
following, we consider the specific case of acoustic dark
energy (ADE) developed in Refs. [40,41].

In this paper, we reassess the constraints on the ADE and
axionlike EDE models (paying particular attention to the
former) and their ability to resolve the Hubble tension, by
successively evaluating the impact of the effective field
theory (EFT) full-shape analysis applied to the baryon
oscillation spectroscopic survey (BOSS) luminous red
galaxies (LRG) [42] and extended baryon oscillation
spectroscopic survey (eBOSS) quasistellar objects (QSO)
[43] data, and the impact of the Pantheon+ data [44]. On
the one hand, we make use of developments of the one-loop
prediction of the galaxy power spectrum in redshift space
from the effective field theory of large-scale structures
(EFTofLSS)l applied to the BOSS [64] and eBOSS [65]

'"The first formulation of the EFTofLSS was carried out in
Eulerian space in Refs. [45,46] and in Lagrangian space in [47].
Once this theoretical framework was established, many efforts
were made to improve this theory and make it predictive, such as
the understanding of renormalization [48,49], the IR resumma-
tion of the long displacement fields [50-55], and the computation
of the two-loop matter power spectrum [56,57]. Then, this theory
was developed in the framework of biased tracers (such as
galaxies and quasars) in Refs. [58-63].

© 2024 American Physical Society
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data in order to constrain the ADE and axionlike EDE
models. This novel theoretical framework has made it
possible to determine the ACDM parameters at precision
higher than that from conventional BAO and redshift
space distortions analyses, and even comparable to that
of CMB experiments. In addition, the EFTofLSS provides
an important consistency test for the ACDM model and its
underlying assumptions, while allowing one to derive
competitive constraints on models beyond ACDM (see,
e.g., Refs. [64—83]). The study of the EFTofLLSS impact on
the ADE constraints is similar to what has already been
done for the axionlike EDE model in Ref. [84] (see also
Refs. [85-87]), which showed that this model leaves
signatures in the galaxy power spectrum on large scales
that can be probed by the BOSS data. On the other hand, we
update the constraints on the ADE and axionlike EDE
models by considering the Pantheon+ data from Ref. [44].
It has already been shown in Ref. [84] that the combination
of the Pantheon+ data with a SH(ES prior provides better
constraints on the axionlike EDE model than the equivalent
analysis including Pantheon data. This can be interpreted as
a consequence of the fact that the Pantheon+ data prefer a
value of Q,, = 0.334 £ 0.018 which is higher than that of
the Pantheon data. Together with the measured value of
Hy =100 - h km/s/Mpc by SHES, it leads to an increased
value of Wegy = Qeam - 1> (see Ref. [88]), which cannot be
fully compensated by the presence of EDE, therefore
degrading slightly the fit to CMB data.

In Sec. II, we provide a review of the ADE and axionlike
EDE models, as well as a description of the analysis
method and the datasets to which these models will be
subjected. In Sec. III, we present the constraints of the ADE
model and compare them to the axionlike EDE case, while
in Sec. IV we consider some additional variations of the
model under study.

II. THE MODEL AND THE DATA
A. Review of the ADE model

In this paper, we focus on the ADE model proposed in
Ref. [40] (see Ref. [38] for a general introduction). In this
model, the ADE equation-of-state parameter wypg(a) =
Papg(a)/pape(a) is modeled as

1+ Wf
[+ (ac /@)

(1)

Wapg(a) = [

In Fig. 1, we plot the evolution of wapg as a function of the
cosmological redshift z. This figure clearly illustrates that
in this model the critical redshift z. = (ag — a.)/a, sets a
transition in the ADE equation of state from wpg — —1,
when z > 7, 10 wapg — Wy, when z < z... Therefore, this
parametrization allows the ADE component to behave in a
similar way to dark energy before the critical redshift
(exactly like the axionlike EDE model), while it allows the
late-time value of the ADE equation of state to be set thanks
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FIG. 1. Evolution of the ADE equation-of-state parameter

wapg as well as the ADE fractional energy density fapg(z.) as
a function of the cosmological redshift z. To perform this plot,
we use the best-fit values of the BAO/ fog + Pan + M, analysis
(see Table I). For the ADE equation-of-state parameter, we set
p = 1, which corresponds to our baseline setup, and p = 1/2,
which corresponds to the setup of Ref. [40]. The horizontal
lines correspond to the radiation and dark energy equation-of-
state parameters w, and w,, respectively, while the dashed
vertical lines correspond to the redshift of recombination z,,
the redshift of the matter-radiation equality z.q, and the ADE
critical redshift z..

to the parameter wy. As shown in Fig. 1, the rapidity of this
transition is controlled by the parameter p, which is set at
p =1 for our baseline model, corresponding to the
modeling of the time-averaged background equation-of-
state of the axionlike EDE model [89]. Similar to the
axionlike EDE case where wgpp(z < z.) =1/2 (see
below), the ADE dilutes faster than the radiation (i.e.,
wy > w,) below the critical redshift, in order to suppress
the contribution of this component to the total budget of the
Universe at the moment of the CMB.

Let us note that the parametrization of Eq. (1) can be
achieved in the K-essence class of dark energy models.
In particular, the dark component is here a perfect fluid
represented by a minimally coupled scalar field ¢ with a
general kinetic term [90]. For the specific case of a constant
sound speed c2, the Lagrangian density is written as [91]

1-c2

P = (3) 7 x-vio), 2)

where X = —V?¢/2 and A is a constant density scale [40].
In this category of models, wapg — ¢2 if the kinetic term
dominates, whereas wapg — —1 if the potential V(¢)
dominates. The main advantage of the ADE model over
the axionlike EDE model is that the former provides a
general class of exact solutions, while the latter requires a
specific set of initial conditions to achieve a similar
phenomenology [40].
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Since the ADE equation-of-state parameter changes over
time, the conservation equation gives

PADE(a) = /’ADE,o@3 f [HWADE(H/W“IM, (3)

which allows us to define the ADE fractional energy
density as

Faonla) = 20548, @

In Fig. 1, we also plot the evolution of f,pg as a function of
the cosmological redshift z. We notice that this parameter is
maximal around the ADE equation-of-state transition, set
by the critical redshift z., namely, when f,pg(z~ z.).
Then, this parameter becomes subdominant at the time of
recombination, with fapg(z,) ~ 1% [92].

Finally, the ADE model we are considering is described
by the three following parameters:

{Zc’fADE(Zc)’Wf}' (5)

Reference [40] also considers the variation of a fourth
parameter that determines the behavior of the ADE
perturbations, namely, their rest frame sound speed
c2(k,a). Unlike the standard axionlike EDE model (see
below), we assume for this model the scale independence of
this parameter, i.e., ¢2(k, a) = c¢2(a), which is equivalent to
assuming a perfect fluid with a linear dispersion relation. In
addition, because of the sharp transition of the wapg
parameter, the impact of the ADE component on the
perturbed universe is localized in time, which implies that
we can approximate this parameter as a constant. Thus,
Ref. [40] varies this parameter to its critical redshift value,
namely, ¢? = ¢?(a = a,), in addition to the three other
parameters listed above. In our baseline model, we consider
that c% =wy, insofar as it has been shown to be a good
approximation near the best fit [40]. However, in Sec. IV,
we consider two model variations of our baseline model:
(i) the c2ADE model, where we free these two parameters
independently, and (ii) the cADE model, where we set
2= wy=1. Let us note that there exists a second
difference between Refs. [40,41] and our baseline analysis,
since these references set p = 1/2, which leads to a sharper
transition than ours (with p = 1), as shown in Fig. 1.
However, the impact of this parameter on cosmological
results is very minor, and we have verified that we obtain
the same results as Ref. [41] with p = 1.

B. Review of the axionlike EDE model

For comparison, we also consider the axionlike EDE
model [16-18], which corresponds to an extension of
the ACDM model, where the existence of an additional
subdominant oscillating scalar field ¢ is considered. The
EDE field dynamics is described by the Klein-Gordon
equation of motion (at the homogeneous level),

$+3Hp+V,,(¢) =0, (6)

where V,(¢) is a modified axionlike potential defined as

V. (@) = m>f*[1 = cos(¢/ f)]". (7)

f and m correspond to the decay constant and the effective
mass of the scalar field, respectively, while the parameter n
controls the rate of dilution after the field becomes
dynamical. In the following, we will use the redefined
field quantity ® = ¢/f for convenience, such that
—7 <0 < +x. At early times, when H > m, the scalar
field ¢ is frozen at its initial value since the Hubble friction
prevails, which implies that the EDE behaves like a form of
dark energy and that its contribution to the total energy
density increases relative to the other components. When
the Hubble parameter drops below a critical value (H ~ m),
the field starts evolving toward the minimum of the
potential and becomes dynamical. The EDE contribution
to the total budget of the Universe is maximum around a
critical redshift z., after which the energy density starts
to dilute with an equation-of-state parameter wgpg(a)
approximated by [89,93]

-1
WEDE = § -1
n+1

In the following, we will fix n = 3 as it was found that the
data were relatively insensitive to this parameter provided
2<n<S5 [18], implying that in this specific model
wepg (2 < z.) = 1/2. Instead of the theory parameters f
and m, we make use of z. and fgpg(z.) determined through
a shooting method [18]. We also include the initial field
value ©®; as a free parameter, whose main role once
Sfepe(ze) and z. are fixed is to set the dynamics of
perturbations right around z,. through the EDE sound speed
c2. Finally, the axionlike EDE model is described by the
three following parameters:

{Zc’fEDE(Zc)’®i}' (9)

Let us note that the axionlike EDE sound speed
c2(a, k) = 6Pgpg(k, a)/Spepe(k, a) is scale and time de-
pendent, and is entirely determined by the three EDE
parameters specified above. In the fluid approximation,
one can estimate the a and k dependencies of this parameter
as [17,89]

if z> z.,

(8)

if z < z,.

1, a<a,,
C%(Cl, k) = 28 (n—1Dw@*(a) + & (10)
2a2(n+1)m2(a)+k2 ’

where @ corresponds to the angular frequency of the
oscillating background field, which has a time dependency
fixed by z., n, and ©; (see Ref. [89]). Let us note however
that the axionlike EDE model we consider in this paper
does not rely on this fluid approximation, and instead
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solves the exact (linearized) Klein-Gordon equation, which
is expressed in synchronous gauge as [94]

S + 2HSP), + [K* + a®V , ypl6pp = =W ¢'/2,  (11)

where the prime denotes derivatives with respect to
conformal time.

C. Data and analysis methods

We perform Markov chain Monte Carlo (MCMC)
analyses, confronting the ADE model with recent cosmo-
logical observations. To do so, we make use of the
Metropolis-Hastings algorithm from the MontePython-v3
code [95,96] interfaced with our modified cLASS [97,98]
version.” In this paper, we perform various analyses from a
combination of the following datasets:

(1) Planck: The low-ZCMB temperature and polariza-

tion autocorrelations (TT, EE), and the high-ZTT,
TE, EE data [99], as well as the gravitational lensing
potential reconstruction from Planck 2018 [100].

(i) ext-BAO: The low-z BAO data gathered from the
6-degree Field Galaxy Survey at z = 0.106 [101],
Sloan Digital Sky Survey Data Release 7 at
z=10.15[102].

(iii) BOSS BAO/fog: BAO measurements cCross-
correlated with the redshift space distortion mea-
surements from the CMASS and LOWZ galaxy
samples of BOSS DR12 LRG at z = 0.38, 0.51, and
0.61 [42].

(iv) eBOSS BAO/fog: BAO measurements cross-
correlated with the redshift space distortion mea-
surements from the CMASS and LOWZ quasar
samples of eBOSS DR16 QSO at z = 1.48 [43].

(v) EFTofBOSS: The EFTofLSS analysis of BOSS
DR12 LRG cross-correlated with the reconstructed
BAO parameters [103]. The SDSS-III BOSS DR12
galaxy sample data and covariances are described
in [42,104]. The measurements obtained in [73] are
from BOSS catalogs DR12 (v5) combined CMASS-
LOWZ [105], and are divided in redshift bins
LOWZ 0.2 < z < 0.43 (zo = 0.32), and CMASS
0.43 < z < 0.7 (zep = 0.57), with north and south
galactic skies for each, respectively, denoted NGC
and SGC. From these data, we use the monopole and
quadrupole moments of the galaxy power spectrum.
The theory prediction and likelihood for the full-
modeling information are made available through
PyBird [68], together with the West-coast paramet-
rization [71,83,106] as implemented in Ref. [68].
In our analyses, we vary seven EFT parameters per
sky cut, namely, three bias parameters [, b3, and

¢y = (by+ by)/ V2], two counterterm parameters

2https ://github.com/brinckmann/montepython_public.
*https://github.com/PoulinV/AxiCLASS.

(¢ and c,;), and two stochastic parameters (c,

and ¢2"). The physical meaning of these parame-

ters and the priors used are described in detail in
Ref. [83]. Finally, we analyze the BOSS data up to
KSMASS — 0,231 Mpc™! for the CMASS sky cut and
up to k5OWZ — 0.20h Mpc~! for the LOWZ sky cut
(as determined in Ref. [67]).

(vi) EFTofeBOSS: The EFTofLSS analysis [65] of
eBOSS DR16 QSOs [43]. The QSO catalogs are
described in [107], and the covariances are built
from the effective EZ-mocks described in [108].
There are about 343 708 quasars selected in the
redshift range 0.8 < z < 2.2, with z. = 1.52 di-
vided into two skies, NGC and SGC [109,110].
From these data, we use the monopole and quadru-
pole moments of the galaxy power spectrum.
The theory prediction and likelihood for the full-
modeling information are made available through
PyBird, together with the West-coast parametriza-
tion as implemented in Ref. [65]. We use the same
EFT parameters as for EFTofBOSS, and we set
kEBOSS — 0.24h Mpc~! (as determined in Ref. [65]).

(vii) Pantheon: The Pantheon catalog of uncalibrated
luminosity distance of type-la supernovae (SNela)
in the range 0.01 < z < 2.3 [111].

(viii) Pantheon+: The newer Pantheon+ catalog of un-
calibrated luminosity distance of SNela in the range
0.001 < z < 2.26 [44].

(ix) Pantheon + /SH(ES: The Pantheon+ catalog cross-
correlated with the absolute calibration of the SNela
from SHES [2].

(x) M,: Gaussian prior from the most up-to-date late-
time measurement of the absolute calibration of
the SNela from SH(ES, M, = —19.253 £ 0.027 [2]
corresponding to Hy = (73.04 £ 1.04) km/s/Mpc.

We choose Planck+ext-BAO + BOSSBAO/ fog+

eBOSSBAO/ fog + Pantheon (optionally with the M,
prior) as our baseline analysis, called, for the sake of
simplicity, “BAO/ fog + Pan.” In order to assess the impact
of the EFT full-shape analysis of the BOSS and eBOSS
data on the ADE resolution of the Hubble tension, we
compare the baseline analysis with an equivalent analysis
that includes the EFTofBOSS and EFTofeBOSS likeli-
hoods instead of the BOSS and eBOSS BAO/ foy like-
lihoods. This analysis is called “EFT + Pan.” Finally, in
order to gauge the influence of the new Pantheon data, we
replace the Pantheon likelihood with the Pantheon+ like-
lihood. This analysis referred to as “EFT + PanPlus” is
compared with the aforementioned EFTofLSS analysis. In
Appendix A, we show explicitly that the addition of the M,
prior on top of the Pantheon+ likelihood is equivalent to
the use of the full “Pantheon + /SH,ES” likelihood as
provided in Ref. [2].

For all runs performed, we impose large flat priors

on {wp, Wegm, Hy, Ay, N5, Treio }» ~ Which  correspond,
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respectively, to the dimensionless baryon energy density,
the dimensionless cold dark matter energy density, the
Hubble parameter today, the variance of curvature pertur-
bations centered on the pivot scale k, =0.05 Mpc~!
(according to the Planck convention), the scalar spectral
index, and the reionization optical depth. Regarding the
free parameters of the ADE model, we impose logarithmic
flat priors on z,, and flat priors on fapg(z.) and wpg,

3 <logjo(z.) £ 4.5,
0 < fape(z:) £0.2,
0<w, <36.

Note that we have verified that a wider prior on w does not
impact our results. When we compare the ADE model with
the axionlike EDE model, we use the following priors for
the latter:

3 <logjo(z.) <4,
0 < fepe(z.) £0.5,
O S ®i S .

In this paper, we use Planck conventions for the treatment
of neutrinos; that is, we include two massless and one
massive species with m, = 0.06 eV [1]. In addition, we use
HMcode [112] to estimate the nonlinear matter clustering
solely for the purpose of the CMB lensing. We define our
MCMC chains to be converged when the Gelman-Rubin
criterion R —1 < 0.05. Finally, we extract the best-fit
parameters from the procedure highlighted in the
Appendix of Ref. [15], and we produce our figures thanks
to GetDist [113].

In this paper, we compare the models with each other
using two main metrics. First, in order to assess the ability
of an extended model M to fit all the cosmological data, we
compute the Akaike information criterion (AIC) of this
model relative to that of the ACDM. This metric is defined
as follows:

AAIC = )(rznin,M —X%ﬁn,ACDM +2+(Ny = Nacom).  (12)
where M € {ADE, EDE, ¢2ADE, cADE}, and where N 5,
stands for the number of free parameters of the model. This
metric enables us to determine whether the fit within a
particular model M significantly improves that of ACDM
by penalizing models with a larger number of degrees of
freedom. Second, in order to gauge the ability of the
extended model M to solve the Hubble tension for a given
combination of data D (which does not include the M,
prior), we also compute the residual Hubble tension
thanks to the difference of the maximum a posteriori
(DMAP) [114] determined by

Opmap = \/)(ﬁm_/vl(’D""_Mb) —Zminm(D). (13)

This metric allows us to determine how the addition of the
M, prior to the dataset D impacts the fit within a particular
model M. Reference [15] asserts that a model is a good
candidate for solving the Hubble tension if it meets these
two conditions: AAIC < —6.91 and Qpyap < 3o. Finally,
we also consider the Gaussian tension (GT) computed as

Hy(SH,ES) — Hy(D)

GT =
\/h, (SHOES) + o3, (D)

, (14)

where H,, and oy, correspond to the mean and standard
deviation of the Hubble parameter today determined from
the SH(ES experiment and the dataset D (within the model
M). The Gaussian tension is certainly the most direct
metric for quantifying the Hubble tension, but the main
problem with this metric is that it is unable to favor a
complex model in which some parameters become irrel-
evant in the ACDM limit. If a probability density function
deviates from Gaussian in a complex model (as is the case
for EDE models), only the Gaussian ACDM limit has
significant statistical weight [15,86].

III. COSMOLOGICAL RESULTS

In this section, we discuss the cosmological constraints
of the ADE and axionlike EDE models and their ability to
solve the Hubble tension by successively evaluating the
impact of the EFT full-shape analysis of the BOSS and
eBOSS data (compared with the standard BAO/fog
analysis) and the impact of the new Pantheon data
(compared with the equivalent older data) on these models.
The cosmological constraints for the ADE model are shown
in Table I, while the y2. values associated with each
likelihood are presented in Table III of Appendix B. In
Table I, we also display the Ay?. and the associated AAIC
with respect to ACDM, as well as the Qpyap for several
combinations of data.

Our baseline combination of data denoted BAO/ fog +
Pan refers to Planck+ext-BAO + BOSS BAO/fog +
eBOSS BAO/ fog + Pantheon corresponding roughly to
that used in Ref. [41 ].4 For this analysis, combined with the
M,, prior, we find fapg(z.) = 0.081 +0.018 and H, =
71.24 £+ 0.68 km/s/Mpc for the ADE model, leading to a
residual Hubble tension of Qpyap = 2.60 and a preference
over ACDM of AAIC = —22.3 (see Table I). Note that this
x* improvement is mainly driven by the SH,ES data (as is
also the case in the remainder of this paper), implying that

*Note that this analysis used another SHyES prior, Hy =
74.03 + 1.42 km/s/Mpc, from Ref. [115], and does not take into
account the redshift space distortion information (but only the
BAO).

023528-5



.

THEO SIMON

PHYS. REV. D 110, 023528 (2024)

2€'9 29°G 29°G (Wasv)"ig
96T 24T 96T (aaa) YN9I5
29°¢ 26'C 29T VNAG
§'1C— L+ 6'81— 9r+ o s OIVV

o
81T~ e1- 6'vT— s €'87- 6~ Y
LPO0'0 F (PIOE0)V66T0  Lrono- (LOTE0)960E0 L4000 F (€86T0)E86Z°0 0S00'0 F (8LOE'0)PLOE0 0S00°0 F (810£°0)T0E'0 #S00°0 F (680€°0)E80E°0 “o
C100F (Th8'0)9€8°0 0100 (0£8°0)ST80  ZI0'0 F (SE8'0)2€8°0 0100 F (€28°0)0280  €10°0 F (9¥80)€H80 1100+ (FE80)8TR0 8¢
E000-(ELS0°0)S8S00  2L00°0 F ($LS0'0)OLSOD L5000+ (P8SO'0)06S00 02000 F (££50°0)TLEOD 55000~ (1950°0)8850°0 50 (0¥S0'0)€8S00 oot
£900°0 F (9066'0)0686°0  sto00- (L696°0)6L96°0  0900°0 F (066'0)8L860  orono+(98960)¥896°0  1900°0 F (ST66'0)0066°0  frovo+(87L60)TTL6D u
SO (0S1D)ISTT SO (IITTITT Soor(ISTOSYIT 000 F (IITDIIIT 1600 F (¢STT6STT  0£0°0F (611T)€TI'T Vo0l
700 F (11€7)90€'T 8100 F (8TT)0STT  TZO0F (90£TVE0ET oo (CSTTHSTT 1200 F (60€2)¥0€°C 5100+ (692°T)65TT @01
8200°0 F (F6T1'0)8LZI'0  Tioor (1TTIO)TOTI0 L2000 F (0821°0)L9TI'0  soono+ (COTI0)96TT0 L2000 F (SOET'0)I6TI'0  fiopo- (6ETT0)TITIO wpdgy
€L0F (6TILIENTL &01(91°89)€0'89 €L0F (I€1L)101L 170+ (97°89)91°89 89°0 F (6r1L¥TIL Fe0r(10'69) 789 oy
€1°0 F (££10)9L0 (Ls0)19°0 < 0+ (SL'0)8L0 (0L'0)65°0 < S0 (9L0)6L0 (69°0)6v°0 < /ot
S0 (PTLEVTOE  (Lg6°¢) poumasuoou) S (989°€)ILYE  (€1L€) poumasuoous)  €60°0 F (LLY'€)SSOE  (SpL'€) pauasuoouy) (72)0130]
020°0 F (280°0)€L0°0 (1100)9€0°0 > 610°0 F (920°0)890°0 (010°0)610°0 > 810°0 F (060°0)180°0 (£00)090°0 > ("z)aavy
SOX ON SOX ON SOX ON JJoud py

snidued + 149 ued + 149 ued + fof/0vd

‘sjesejep juoeanba oy 103 sfepowr gQd 9MIUOIXe pue INJDV oyl jo dVWAG oy 0) puodsanod (gad)dYWAG pue (INA@DV)IYNAH
‘Aqreurd ~4YNAG oy se [[om se DIV PaIRIoosse ay) ‘WADV 01 10adsar yim Ay oy s1eserep [re 1oy Aejdsip ospe opy ‘(Joud gy oy oy pue (im) BIep fuodyiued
Ay} 10 BIEp UOAYUE AU} JOYJId ISPISUOD M PUE ‘Blep SSOFR pue SSOF 2y 105 sisA[eue adeys-[[ny LI 2y} 10 Uonewofur 80/ /Qyg oY} JoUIIa JopISuod am dIym ‘Blep OV g-1Xd
+ Youm] g dpn[oul S)oselep [[V SIOSEIBP SNOLIEA 0] PAJUOIJUOD [dpowl OV Y Ul sidjourered pajonnsuodal Jo (Spunoq papis-auo Ioj o7 I0) o] F (0 1s9q) uedN T A19dVL

023528-6



CAN ACOUSTIC AND AXIONLIKE EARLY DARK ENERGY ...

PHYS. REV. D 110, 023528 (2024)

this preference over ACDM will no longer be significant
if the Hubble tension is due to a systematic error in the
data. Let us underline that with our baseline combination
of data, the ADE model satisfies both Ref. [15] con-
ditions. In addition, we find for the ADE model that
GT = 3.7¢ for our original combination of data. We are
now assessing how the EFTofLSS on the one hand, and
the new data from Pantheon+, on the other hand, change
these conclusions.

A. Impact of the EFTofLLSS analysis

In the top panel of Fig. 2, we show the reconstructed
2D posteriors of the ADE model for the analysis with the
BOSS and eBOSS BAO/foy likelihoods (namely, the
BAO/ fog + Pan analysis), as well as for the analysis
with the EFTofBOSS and EFTofeBOSS likelihoods
(namely, the EFT + Pan analysis), either with or without
the M, prior. To isolate the effect of the EFT full-shape
analysis, we carry out these analyses using only the older
Pantheon data.

For the analyses without the M, prior, the addition of
the EFT likelihood has a non-negligible impact on the
fape(zc), wy, and H, constraints. The upper bound of the
ADE fractional energy density and the lower bound of wy
are indeed both improved by ~20%, while the standard
deviation of Hy is reduced by ~35%.

When we consider the M, prior, EFTofBOSS and
EFTofeBOSS do not improve the parameter constraints
of this model over the BAO/fog information. However,
these likelihoods shift fapg(z.) and H, toward smaller
values of 0.7¢ and 0.36, respectively. The EFT full-shape
analysis of the BOSS and eBOSS data therefore slightly
reduces the ability of this model to resolve the Hubble
tension, and the Qpyap changes from 2.6 to 2.96 when
EFT likelihoods are considered (see Table I). In particular,
the 2., associated with the M, prior is degraded by 1.0
compared to the BAO/fog analysis. In addition, the
preference for this model over the ACDM model is slightly
reduced, given that the AAIC changes from —22.3 to —18.9
when the EFT likelihood is added (see Table I). Note that at
this point, the ADE model still satisfies both conditions
of Ref. [15], even though Qpwmap ~ 30. However, the
Gaussian tension changes from 3.7¢ to 4.3¢ when EFT
likelihoods are considered, which can be explained by the
fact that the f spg(z.) parameter is better constrained by the
EFT + Pan dataset.

For the axionlike EDE case, we find for the equivalent
analyses (see Table III of Appendix B) that the Qpyap
changes from 1.56 to 2.4, and that the AAIC changes from

*Since we are considering here the same experiments (with
different methods for extracting cosmological constraints), we
use the following metric: 2 - (6; — 6,)/ (04, + 64 ;), where 6; and
0y, are, respectively, the mean value and the standard deviation of
the parameter 6 for the dataset i.

—-29.1 to —22.9, when EFT likelihoods are added.® The
ADE model slightly better supports the addition of the
EFT likelihood compared to the EDE model, insofar as
the Opmap and AAIC are more stable (see Table I).
However, the EDE model remains a better model to solve
the Hubble tension, with Qpyap = 2.40 for the EFT + Pan
analysis, compared to Qpyap = 2.90 for the ADE model,
and has a better fit to the data when the M, prior is added,
with AAIC = —-22.9 compared to AAIC = —18.9 for the
ADE model. For a detailed discussion of the EFTofL.SS
impact on the EDE model in the framework of the BOSS
data, please refer to Ref. [84].7

B. Impact of the Pantheon + data

Let us now turn to the impact of the latest Pantheon data,
namely, the Pantheon+- data, on the ability of these models
to resolve the Hubble tension. In the bottom panel of Fig. 2,
we show the reconstructed 2D posteriors of the ADE
model for the analyses with the old Pantheon data (i.e.,
the EFT 4 Pan analysis), as well as for the analyses with
the updated data (i.e., the EFT + PanPlus analysis). To
isolate the effect of the Pantheon+ data, we carry out these
analyses using only the EFT full-shape analysis of the
BOSS and eBOSS data.

The analysis with the Pantheon+ data, but without any
SHyES prior, improves significantly the 95% C.L. con-
straints on fapg(z.) by ~30%. This implies that H, is
shifted down by 0.26° compared to the analysis with the old
Pantheon data. Although the ADE model prefers a higher
value of @y, than ACDM (because ADE slows down the
evolution of the growing modes), the larger €2,, favored by
the Pantheon+ data (Q2,, = 0.334 £ 0.018 [44]) leads to a
large wegm = Qeam - 1%, Which is not sufficiently compen-
sated for by ADE. Then, to offset the high value of Q,,, the
current Hubble parameter decreases slightly, as well as
fape(ze), since the latter is positively correlated with H.

When the M, prior is included, nonzero contributions of
ADE are favored. One may have expected that the tighter

The similar analysis in Ref. [84], which does not include the
eBOSS data, determined that Qpyap = 2.00 for the BAO/ fog +
Pan analysis and that Qpyap = 2.16 for the EFT + Pan analysis
(see Table 8 in Ref. [84]). This difference is due solely to the
eBOSS data: The x> of the eBOSS BAO/foy likelihood is
improved when the M, prior is added (which decreases the
Opmap Of the BAO/fog +Pan analysis), while the y? is
degraded for the EFTofeBOSS likelihood when the M, prior
is added (which increases the Qpyap Of the EFT + Pan analysis).

"Note that Ref [84] used an H,, prior equivalent to the M, prior
and did not consider the EFTofeBOSS likelihood (as well as the
eBOSS BAO/ foy likelihood). We leave a detailed evaluation of
the impact of eBOSS data on the EDE model for future work.

Since we are considering here different experiments, we use

the following metric: (6; —0,)/1 /05, + ag_j, where 6; and oy

are, respectively, the mean value and the standard deviation of the
parameter 6 for the dataset i.
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FIG. 2. Top panel: 2D posterior distributions reconstructed from the BAO/ fog 4+ Pan dataset compared with the 2D posterior
distributions reconstructed from the EFT + Pan dataset, either with or without the M), prior. Bottom panel: 2D posterior distributions
reconstructed from the EFT + Pan dataset compared with the 2D posterior distributions reconstructed from the EFT + PanPlus dataset,
either with or without the M, prior. The gray bands correspond to the H, constraint associated with the M, prior Hy = (73.04 +

1.04) km/s/Mpc [2].
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TABLE II.

Mean (best fit) +16 (or 26 for one-sided bounds) of reconstructed parameters in the EDE, c2ADE, and

cADE models confronted to the Planck + ext-BAO + EFT + PanPlus + M, dataset, i.e., the most up-to-date
dataset. We also display for each model the Ay2. with respect to ACDM, the associated AAIC, as well as

the Opmap-

EDE c¢2ADE cADE
[ aveepE(zc) 0.116(0.128) 1005 0.103(0.080)+0:028 0.079(0.087) £ 0.019
logo(z.) 3.69(3.84) 0% 3.61(3.73)%012 3.540(3.532) = 0.058
o, 277(2.88)"015, = =
Wy e Unconstrained (0.71)
c2 > 0.701(0.72)
H, 71.67(71.84) +0.77 70.76(71.23) + 0.70 70.95(71.23) +0.73
Oecm 0.1303(0.1309) + 0.0030 0.1257(0.1294) + 0.0024 0.1273(0.1286) + 0.0028
102w, 2.294(2.312) 4 0.024 2.304(2.310) + 0.020 2.305(2.308) + 0.021
10°4, 2.149(2.143) 05 2.152(2.150) 10050 2.149(2.158) £ 0.031
g 0.9898(0.9951) + 0.0061 0.9882(0.9902) + 0.0065 0.9849(0.9874) + 0.0057
Trcio 0.0590(0.0590) 99963 0.0592(0.0573) 0069 0.0573(0.0583) 00066
Sg 0.836(0.836) + 0.011 0.831(0.842) + 0.012 0.836(0.841) + 0.012
Q, 0.2995(0.2997) + 0.0047 0.2985(0.3018) + 0.0049 0.3000(0.3001) + 0.0047
A -35.1 -27.9 -24.1
AAIC -29.1 -19.9 —20.1
QDMAP 256 360 390'

constraints from Pantheon+ may reduce the contribution of
fapg and the value of H,. These are in fact stable when
compared to analyses with the older Pantheon data, with
similar error bars between the EFT 4 Pan+ M, and
EFT + PanPlus + M), analyses. Thus, if we rely solely
on the posterior distributions, we could argue that the
Pantheon+ data do not change the conclusion about
the ADE resolution of the Hubble tension. However, it
turns out that the ADE model is not able to accommodate
at the same time the large values of H, and Q,, that are
favored by the Pantheon+ data once they are calibrated
with M. Indeed, the best-fit value H, = 71.29 km/s/Mpc
is 1.7¢ lower than the SH(ES constraint [H, = (73.04 £
1.04) km/s/Mpc], while the best-fit value Q,, = 0.3014 is
1.80 lower than the Pantheon+ constraint (€, =
0.334 +0.018). Therefore, the ADE model does not
provide a good fit to the M,, prior ()(ﬁ,lb = 6.42 as shown
in Table III of Appendix B), while the fit to the Pantheon+
data is worse (by +1.6) with the inclusion of the M, prior.
These degradations of )(Izning imply that the Qpyap changes
from 2.96 (5.606 for ACDM) to 3.60 (6.3c for ACDM)
when we consider the Pantheon+ data (see Table I), which
severely limits the ability of this model to resolve the H|,
tension. One of the two criteria of Ref. [15], namely,
Opmap < 30, is indeed no longer fulfilled. However, while

°Let us note that the 22 of the other likelihoods are stable
between the Pantheon and Pantheon+ analyses, and therefore
play no role in the change in Qpyap between these two analyses.

the Pantheon+ data and the M, prior from Ref. [2]
seriously restrict the ability of the ADE model to resolve
the Hubble tension, these data improve the preference for
this model over ACDM, since the AAIC changes from
—18.9 to —21.8. We nevertheless caution overinterpreting
this preference, given that the Qpuap indicates that
combining these datasets is not statistically consistent. In
addition, the Gaussian tension GT = 4.4¢ is stable with
respect to the EFT + Pan dataset.'

In the left panel of Fig. 4, we show the 2D posterior
distributions of the axionlike EDE model reconstructed
from the EFT + PanPlus 4+ M, dataset, while the associ-
ated cosmological constraints are displayed in Table II. For
the axionlike EDE case, we find that the Qpyap changes
from 2.46 to 2.50, and that the AAIC changes from —22.9
to —29.1 between the old and the new Pantheon data
analysis (see Table III of Appendix B for the individual
22:). This model better supports these new data, since the
Opmap is stable (and especially the 2. of the SHES
prior), while the AAIC, as in the case of the ADE model,
decreases significantly. Whereas with the addition of the
EFT data we had a slight preference for EDE over ADE,
with the Pantheon+ data the preference for this model
becomes clearly apparent: In the axionlike EDE model,
Hy="71.67+0.77 km/s/Mpc with Qppap = 2.50, while
in the ADE model, Hy, = 71.13 £ 0.73 km/s/Mpc with

ONote that for the same dataset, we obtain GT = 3.8¢ for the
axionlike EDE model and GT = 4.8¢ for the ACDM model.
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CMB power spectra residuals with respect to ACDM for the ADE (red) and axionlike EDE (black) models.

All cosmological parameters of the ACDM, ADE, and axionlike EDE models have been set to their EFT 4 PanPlus best fits,
while the displayed data (normalized to the ACDM best fit) correspond to the Planck 2018 data [99]. Finally, for the plot titled
“EDE — ADE,” we set the ACDM parameters to the axionlike EDE best fit, while the z, and w, parameters are set to the ADE best
fit. The last ADE parameter, namely, fopg(z.) = 0.095, is determined such that the values of 1006, = 1.042 and r, = 140.53 Mpc

are the same as for the EDE best fit.

Opmap = 3.60. In addition, the axionlike EDE model
provides a better overall fit than the ADE model, with
AAIC(EDE — ADE) = +7.3. The two main contributions
to this difference come from the Planck data (and in
particular the high-ZTTTEEE likelihood), where
Ay?*(EDE — ADE) = +3.7, and from the SH(ES prior,
where Ay?(EDE — ADE) = +2.7. The axionlike EDE
model is capable of better compensating the effect of large
values of H, and Q,, (and therefore w.q,) on the CMB
compared to the ADE model.

In order to understand why the axionlike EDE model
performs better than ADE, we plot in Fig. 3 the CMB
power spectra residuals with respect to the ACDM best fit
for these two models. In this figure, we also plot (in green
dashed) the CMB power spectra residuals of the ADE
model, where we set the ACDM parameters to the
axionlike EDE best fit and the z. and w; parameters
to the ADE best fit. The last ADE parameter, namely,
fape(ze), is determined such that the values of the
angular acoustic scale at recombination 6, and the
comoving sound horizon at recombination r, are
the same as for the EDE best fit. In other words, this
plot would represent the best fit of the ADE model if the
latter could reduce the Hubble tension to the same level as

the axionlike EDE model. In this figure, the main difference
between the ADE and ADE — EDE plots stems from
the suppression (particularly at low ¢) of the C}T power
spectrum for the EDE — ADE analysis. This suppression
typically corresponds to the effect of a large value of @y,
(and also ny), showing that the ADE model is not able to
compensate for a high value of Q.q,h? in the same way as
the axionlike EDE model. This is explained by the fact that
the EDE model allows the sound speed to decrease in the k
range associated with £ < 500, making it easier to com-
pensate for the effect of increasing Q_4,/4* in the low-ZTT
power spectrum. Let us note that the effect of the increase in
Q.imh’ is more significant for the modes that have
reentered the horizon at the time when fopg is decreasing,
and therefore no longer significantly suppresses the evo-
lution of the growing modes. In order to compensate for this
effect, it is therefore helpful to decrease ¢? for I < 500,
insofar as a reduction in this parameter leads to an
enhancement in the Weyl potential (see Ref. [40]). Note
that these results are compatible with Ref. [40], but
interestingly the limitation in the value of Q.,h> does
not arise from the CMB polarization as in that reference
(which considered Planck 2015 data), but from the CMB
temperature.
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FIG. 4. Left panel: 2D posterior distributions reconstructed from the Planck + ext-BAO + EFT + PanPlus + M, dataset, i.e., the
most up-to-date dataset, for our baseline ADE model and the standard axionlike EDE model. Right panel: 2D posterior distributions
reconstructed from the Planck + ext-BAO + EFT + PanPlus + M, dataset for the cZADE model (namely, our baseline ADE model
with the variation of c%), the cADE model (namely, our baseline ADE model with c% =w;= 1), and our baseline ADE model. The gray
bands correspond to the H, constraint associated with the M, prior Hy = (73.04 £+ 1.04) km/s/Mpc [2].

IV. MODEL VARIATIONS
A. Variation of ¢?

In the previous sections, we fixed ¢3(a.) = w instead of
varying these two parameters independently. In the right
panel of Fig. 4, we show the 2D posterior distributions
reconstructed from the EFT + PanPlus 4 M, dataset for
our baseline ADE model by relaxing this assumption, while
in Table II we display the associated cosmological con-
straints. To do so, we have applied the prior of Refs. [40,41]
to c2, namely,

0<c?2<15.

In the following, we simply call this extended model
“c2ADE,” for which we still consider that p = 1.
Interestingly, and in line with Ref. [40], the assumption
2= w; does not change our conclusions, especially
regarding the Hubble tension: We obtain Qpyap = 3.60,
which is similar to that of our baseline ADE model (see
Table 111 of Appendix B for the y? values). In this specific
case, we obtain Hy = 70.76 £+ 0.70 km/s/Mpc, which is
0.50 lower than the H, value from our baseline ADE
model. This is due to projection effects caused by the non-
Gaussian posteriors of ¢2 and wy, and we notice that the
best-fit value (H, = 71.23 km/s/Mpc) is very close to that
of the ADE model. Thus, the relaxation of this hypothesis
does not resolve the Hubble tension, while the AAIC

worsens somewhat in this model because of the additional
parameter (AAIC = —20.1 instead of —21.8 for our base-
line ADE model). In addition, as shown in Fig. 5, the best-
fit point of the ADE model in the ¢ — w + plane lies in the
68% C.L. reconstructed from the ¢2ADE model and is very
close to the best-fit point of this model. This implies that
setting 2 = w + 1s a good approximation around the best fit
of the ¢2ADE model.

B. The cADE model

References [40,41] showed that the special case where
2= w; = 1 made it possible to solve the Hubble tension.
In this particular model called “cADE,” the ADE compo-
nent is a canonical scalar which goes from a frozen phase
(w=—1) to a kinetion phase (w = 1) around matter-
radiation equality. This model is particularly interesting
because it allows the Hubble tension to be resolved with
only two more parameters than the ACDM model [namely,
fape(z.) and log,y(z.)]. However, while in Ref. [40] the
case ¢; = wy = 1 is within the 68% C.L. of the 7 and w/
parameters (see Fig. 1 of this reference), one can see in
Fig. 5 that this particular case is no longer located in the 1o
region.'" In the right panel of Fig. 4, we display the 2D
posterior distributions of the cADE model reconstructed

"1 et us note that Refs. [40,41] set p = 1/2, while we set
p = 1, but this difference does not change the results.
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FIG. 5. 2D posterior distribution of the ¢ — wy plane recon-
structed from the Planck + ext-BAO + EFT + PanPlus + M,
dataset for the ¢c2ADE model. The solid line corresponds to
2= wy, while the blue and green crosses correspond, respec-
tively, to the cADE model and the best fit of our baseline ADE
model. The black circle represents the best fit of the

c2ADE model.

from the EFT + PanPlus + M, dataset, while in Table II
we display the associated cosmological constraints. We can
clearly see that this particular model is unable to resolve the
Hubble tension with current data, since we obtain Hy =
70.95 £ 0.73 km/s/Mpc and fapg(z.) = 0.079 + 0.019,
with a Opmap = 3.90 (compared to Opyap = 3.60 for our
baseline ADE model).

V. CONCLUSION

In this paper, we have updated the constraints on the
acoustic dark energy and axionlike early dark energy
models by first assessing the impact of the EFT full-shape
analysis applied to the BOSS LRG and eBOSS QSO data,
and second, the impact of the latest Pantheon+ data.

(i) When we consider the full-shape analysis of the

BOSS and eBOSS data combined with Planck, ext-
BAO measurements, Pantheon data from [111],
and SH,ES data from [2], we obtain Hy = 71.01 +
0.73 km/s/Mpc with a residual Hubble tension of
2.96 (compared to 2.4 for the axionlike EDE model
and 5.60 for the ACDM model).

(i) We have demonstrated that the EFTofL.SS analysis
slightly reduces the ability of this model to resolve
the Hubble tension compared to the BAO/fog
analysis, which has a residual tension of 2.60 (with
Hy=71.24 £ 0.68 km/s/Mpc).

(iii) Although the axionlike EDE model remains a better
solution to the Hubble tension after using the
EFTofBOSS and EFTofeBOSS likelihoods, we have
shown that the EFTofLSS analysis has a stronger
impact on this model.

(iv) Importantly, when we replace the Pantheon data
with the Pantheons+ data from [44], the ADE model
no longer resolves the Hubble tension at a suitable
level, leading to a 3.6¢ residual tension (compared
to 2.5¢ for the EDE model and 6.36 for the
ACDM model).

(v) Whereas with the EFTofLSS analysis we had only a
slight preference for EDE over ADE, with the new
data from Pantheon+ and SHES, the preference for
this model became clearly apparent, due to the fact
that axionlike EDE manages to compensate a higher
Q.qmh? in Planck data thanks to the scale depend-
ence of the sound speed.

(vi) Finally, we have verified that relaxing the
assumption ¢2 = w; does not alter our conclusions,
justifying this choice. In addition, for the cADE
model (where ¢2 =wy=1), we have obtained H, =
70.95 £ 0.73 km/s/Mpc with a Qpmap = 3.90,
implying that one can no longer solve the Hubble
tension with this constrained ADE model, contrary
to previous results [40,41].

Let us add a few words about the Sg = o5 -1/9Q,,/0.3
tension (see, e.g., Ref. [116] for a review). EDE-like
models are known to slightly increase the amplitude of
fluctuations og with respect to ACDM [17,31,117] due to
an increase in ., and n,. In particular, increasing @.q,
brings forward matter-radiation equality a4, leaving more
time for growing modes (that are subhorizon at a.y) to
evolve in the matter era. Considering our most up-to-date
dataset (i.e., EFT + PanPlus 4+ M), we have obtained a
Gaussian tension'? on Sg of 3.20, 3.50, and 3.8¢ for the
ACDM, ADE, and axionlike EDE models, respectively. It
is interesting to note that the better the model is able to
resolve the Hubble tension, the higher the Sy tension. In
order to resolve these two tensions simultaneously in the
context of EDE cosmologies, it is therefore necessary to
find a mechanism that reduces the growth of small-scale
modes, as could be achieved by an interaction between
EDE and DM [120].

"We use here the Gaussian metric (6, —0;)//03, + 03 ;.

where 0; and oy; are, respectively, the mean value and the
standard deviation of the parameter 6 for the dataset i. For the
week lensing determination of the Sg parameter, we use the
simple weighted mean and uncertainty of S$T = 0.766700%)
from the combination of KiDS-1000 x dFLensS + BOSS S5 =
0.7697901 [118] and DES-Y3 Sg = 0.775109:% [119].
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In this paper, we have shown that the new data from
Pantheon and SH(ES, and to a lesser extent the EFTofLSS
applied to the BOSS and eBOSS data, can have a decisive
impact on models which aim to resolve the Hubble
tension. We leave for future work the study of the impact
on the Hubble tension of such an analysis applied to
other early dark energy models, such as new early dark
energy [19,20], rock “n” roll dark energy [22], or early
modified gravity [25,121].
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APPENDIX A: M, PRIOR

In this appendix, we show explicitly, thanks to Fig. 6,
that the addition of the M, prior [2] on top of the
Pantheon+ likelihood is equivalent to the use of the full
Pantheon + /SH(ES likelihood as provided in Ref. [2].
Since the constraints are similar, we have chosen to show in
this paper the results with the M, prior, for the sake of
convenience, in order to determine the Qpyap values easily.

I Planck + ext-BAO + EFT + PanPlus + M,
I Planck + ext-BAO + EFT + PanPlus/SHoES

logio(zc)

1.0

wr

051

0 72 004 0.10
Hy Jfape(ze)

logio(zc) wr

4.0 0.5 1.0 0.12 0.13

D cdm

FIG. 6. 2D posterior distributions reconstructed from Planck + ext-BAO + EFT, either with the M, prior on top of the
Pantheon+ likelihood, or with the cross-correlation between the Pantheon+ data and the SHyES data (namely, the Pantheon +
/SH(ES likelihood) as provided in Ref. [2]. The gray band corresponds to the H constraint associated with the M, prior

Hy = (73.04 £ 1.04) km/s/Mpc [2].

023528-13



THEO SIMON

PHYS. REV. D 110, 023528 (2024)

TABLE III.  Table of best-fit ¥ of the different models considered in this work for various combinations of likelihood. All datasets
include Planck + ext-BAO data. Note that the columns “BOSS” and “eBOSS” refer either to the BAO/ fog analysis or to the EFT full-
shape analysis. Similarly, the column “Pan” refers to either Pantheon data or Pantheon+ data. Finally, “PanPlus/SH,ES” corresponds to
the full Pantheon + /SHES likelihood as provided in Ref. [2].

Data Model y? tot PISTTTEE PlSlens ext-BAO BOSS eBOSS Pan M, PanPlus/SHyES
BAO/fog + Pan ACDM 3816.39  2763.03 8.87 1.38 6.15 9.88 1027.07
ADE 3812.50 2759.48 9.14 1.30 6.55 8.92 1027.10
EDE 3809.87 2757.41 9.70 1.64 6.30 7.89 1026.93
BAO/fog +Pan+ M, ACDM 384733  2765.48 9.12 1.84 591  9.14 1026.89 28.94
ADE 3819.06 2763.73 10.09 1.77 695 632 1026.89 3.32
EDE 381226 2759.10 9.89 1.91 6.97 621 1026.87 1.31
EFT + Pan ACDM 4020.07 2762.14 8.87 1.25 160.20 60.44 1027.17
ADE 4018.67 2761.21 8.99 1.40 159.63 60.39 1027.06
EDE 4017.09  2759.20 9.29 1.60 159.54 60.51 1026.95
EFT + Pan + M, ACDM 4051.76  2764.81 9.13 1.78 158.30 61.16 1026.90 29.61
ADE 4026.87 2763.76 9.62 2.11 15994 60.26 1026.86 4.33
EDE 4022.83  2758.51 9.60 1.99 160.36  61.64 1026.87 3.86
EFT + PanPlus ACDM 4404.28  2762.12 8.78 1.20 160.44 60.43 1411.31
cADE 4404.07 2761.57 8.86 1.20 160.68 60.46 1411.31
ADE 440296  2760.49 8.89 1.21 160.78 60.23 1411.36
c2ADE 440293  2760.47 8.90 1.21 160.76  60.23  1411.37
EDE 440254 2758.74 9.02 1.38 160.38 61.21 1411.82
EFT + PanPlus + M,, = ACDM 444378  2766.95 9.69 1.95 158.36  60.63 1413.17 33.02
cADE 4419.67 2766.20 9.67 1.92 160.68 61.17 141327 6.76
ADE 441594  2763.42 9.82 1.81 160.52 6095 141299 6.42
c2ADE 441589  2763.16 9.82 1.77 160.58 60.96 141291 6.70
EDE 4408.67 2759.71 10.05 1.96 159.64 60.24 1413.35 3.72
EFT + PanPlus/SHy,ES ACDM 4318.12  2767.42 9.24 2.20 158.01 60.39 1320.85
ADE 429212  2763.74 9.77 1.94 160.31  60.20 1296.17

APPENDIX B: x> TABLE

In this appendix, we report the best-fit > per experiment for the ACDM model, the ADE model, as well as the axionlike
EDE model for several combinations of data.
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