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A larger Hubble constant without late-time priors
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Recent observations using the Atacama Cosmology Telescope (ACT) have provided ground-based
cosmic microwave background (CMB) maps with higher angular resolution than the Planck satellite.
These have the potential to put interesting constraints on models resolving the “Hubble tension.” In this
paper we fit two models of early dark energy (EDE) (an increase in the expansion rate around matter/
radiation equality) to the combination of ACT data with large-scale measurements of the CMB either
from the WMAP or the Planck satellite (including lensing), along with measurements of the baryon
acoustic oscillations and uncalibrated supernovae luminosity distance. We study a phenomenological
axionlike potential (“axEDE”) and a scalar field experiencing a first-order phase transition (“NEDE”).
We find that for both models the “Planck-free” analysis yields nonzero EDE at ≳2σ and an increased
value for H0 ∼ 70–74 km=s=Mpc, compatible with local measurements, without the inclusion of any
prior on H0. On the other hand, the inclusion of Planck data restricts the EDE contribution to an upper
limit only at 95% C.L. For axEDE, the combination of Planck and ACT leads to constraints 30% weaker
than with Planck alone, and there is no residual Hubble tension. On the other hand, NEDE is more
strongly constrained in a PlanckþACT analysis, and the Hubble tension remains at ∼3σ, illustrating the
ability for CMB data to distinguish between different EDE models. We further explore the apparent
inconsistency between the Planck and ACT data and find that it comes (mostly) from a slight tension
between the temperature power spectrum at multipoles around ∼1000 and ∼1500. Finally, through a
mock analysis of ACT data, we demonstrate that the preference for EDE is not driven by a lack of
information at high l when removing Planck data, and that a Λ cold dark matter fit to the fiducial EDE
cosmology results in a significant bias on fH0;ωCDMg. More accurate measurements of the TT CMB
power spectra above l ∼ 2500 and EE between l ∼ 300–500 will play a crucial role in differentiating
between EDE models.

DOI: 10.1103/PhysRevD.104.123550

I. INTRODUCTION

Over the past several years, the standard cosmological
model, Λ cold dark matter (ΛCDM), has come under
increased scrutiny as measurements of the late-time
expansion history of the Universe [1], the cosmic micro-
wave background (CMB) [2], and large-scale structures
(LSSs)—such as the clustering of galaxies [3–6]—have
improved. Observations have spurred recent tensions
within ΛCDM, related to the Hubble constant H0 ¼
100h km=s=Mpc [7] and the parameter combination
S8 ≡ σ8ðΩm=0.3Þ0.5 [8] (where Ωm is the total matter relic
density and σ8 is the variance of matter perturbations
within 8 Mpc=h today), reaching the ∼4–5σ [9,10] and
2 − 3σ level [8,11,12], respectively. While both of these
tensions may be the result of systematic uncertainties, and

not all measurements lead to the same tension1 [15,16],
numerous models have been suggested as potential
resolutions to these tensions (see, e.g., Refs. [17,18] for
recent reviews). Yet, no model is able to resolve both
tensions simultaneously [18,19]. In this work we focus on
models that may resolve the Hubble tension.
We specifically focus on models of “early dark energy”

(EDE), one of the most promising ways to resolve the Hubble
tension [18]. These models posit an additional energy density
that increases the expansion rate before recombination and
then dilutes faster than radiation. EDE is usually modeled

1See Refs. [13,14] for recent interesting discussions about
potential systematic offset between the two most common
methods to calibrate SN1a, namely cepheid variable stars and
the “tip of the red giant branch.”
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through a scalar field with negligible energy density until a
critical redshift (around matter-radiation equality), after
which the field again becomes negligible. When fit to
Planck, baryon acoustic oscillations (BAOs) and supernova
type Ia (SN1a) Pantheon data, these models have been shown
to reduce the Hubble tension to the 1.5σ level [18].
In order to demonstrate that EDE models can resolve the

Hubble tension, previous analyses included the supernovae
and H0 for the equation of state of dark energy (SH0ES)
measurement ofH0 (or the associated SN1a absolute magni-
tude calibrationMb) as priors [18,20–22]. It has been argued
that without this prior, the volume of parameter space for
which EDE has a negligible effect on the CMB overwhelms
the posterior distribution, leading to prior-driven conclusions
that the EDE is not present (see, e.g., Refs. [23–25]).
While Planck alone does not favor EDE, such models

leave an impact in the CMB power spectra (mostly visible
at l≳ 500) that provides a way to detect (or exclude) EDE
with high-accuracy CMBmeasurements [21]. Recently, the
ACT Collaboration [26] has produced ground-based CMB
maps with higher angular resolution than the Planck
satellite [2] that have the potential to put interesting
constraints on EDE models. The goal of this article is to
fit two models of EDE from the recent literature to the
combination of ACT data with large-scale measurements of
the CMB, either from the WMAP or Planck, along with
measurements of the BAOs and uncalibrated SN1a from
Pantheon data: the phenomenological axionlike early dark
energy (axEDE) model from Ref. [21] and the “new” EDE
(NEDE) model from Ref. [27].
Our main results are summarized in Fig. 1, where we

show the posterior distribution for the Hubble constant H0

using ΛCDM, axEDE, and NEDE against the various data
combinations considered in this work and without includ-
ing a late-time prior on H0. We find that ACT data (with
and without WMAP) prefers a nonzero EDE contribution at
≳2σ, regardless of the model leading to no residual tension
between WMAPþACT and SH0ES. This is in contrast
with the results from Planck, which have been shown to
place an upper limit2 on the EDE fraction of the total energy
density at the critical redshift.
Combining a restricted version of ACT [26] with Planck,

we find a weaker upper limit than from Planck only for
axEDE, but the NEDE model is more strongly constrained
with these data. This is an example of how the combination
of Planck and ACT can break degeneracies between different
EDE models. In order to investigate the origin of the
difference between the Planck and WMAPþACT results,
we perform an analysis of Planck and ACT, restricting
the Planck l range to l < 1060 (which roughly matches the
range of l covered by WMAP), and find similar results
as the WMAPþACT analysis. We identify that the EDE
cosmologies favored by ACT data lead to a TT power
spectrum that is systematically higher than that measured by
Planck at l > 1000, with the most notable differences at
l ∼ 1000 and l ∼ 1500.
The paper is structured as follows. In Sec. II, we introduce

the EDE models, describe the data we use, and present the
“WMAPþACT” take on EDE cosmologies, compared with
the standard Planck analysis. We also present the standard
“PlanckþACT” analysis. We quantify the tension with

FIG. 1. Summary plot. Whisker plot at 68% C.L. of the Hubble constant H0 reconstructed in various models for various data
combinations, compared to the SH0ES measurements (cyan band) and the baseline ΛCDM prediction from Planck data (gray band).
None of the data combinations include a late-time prior on H0, but they do include BAOs and Pantheon. The notation “M1” and “M2”
refers to a low- and high-trigger mass mode in the NEDE model.

2From hereon, we quote two-sided constraints at 68% C.L. and
one-sided lower and upper limits at 95% C.L.
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SH0ES in Sec. III, and compare the cosmologies obtained
when including a SH0ES prior. In Sec. IV, we explore “what
is it about Planck that disfavors EDE?,” performing various
analyses with restricted Planck data. In Sec. V, focusing on
axEDE, we use a mock ACT data analysis to firmly establish
that axEDE is not artificially favored over ΛCDM. We
present our conclusions in Sec. VI. In Appendix A, we
demonstrate that the use of the “lite” version of the ACT
likelihood is justified when exploring constraints to axEDE
and, by extension, other EDE cosmologies. In Appendix B,
we present extended results comparing the WMAPþACT
analysis to those using a restricted Planck dataset.

II. THE WMAP+ACT TAKE ON EDE
COSMOLOGIES

A. The models

In order to test the robustness of our conclusions to the
detailed EDE dynamics, we make use of two different
models, which both introduce three free parameters in
addition to the standard six in ΛCDM. One is the phenom-
enological axion potential introduced in Refs. [20,21,28–30],
which wewill refer to as axEDE, and the other is a model of a
scalar-field phase transition, NEDE [22,27]. Both models are
able to raise the value ofH0 inferred fromCMB+BAO+SN1a
datasets when a prior on H0 is included but have different
detailed dynamics. We note that these two models are far
from exhaustive. For example, there are EDE models that
involve nonminimal coupling to gravity [31–33], new inter-
actions with neutrinos [34], or a nonminimal kinetic term3

[38,39] (and see Ref. [18] for an exhaustive list). Given our
conclusions, it would be interesting to fit these models to
ACT data as well.
The axEDE model proposes the existence of a cosmo-

logical scalar field with a potential of the form

VðθÞ ¼ m2f2½1 − cosðθÞ�3; ð1Þ

where m represents the axion mass, f is the axion decay
constant, and θ≡ ϕ=f is a renormalized field variable
defined such that −π ≤ θ ≤ π. The background field is held
fixed at some initial value due to Hubble tension until a
critical value of the redshift zc, at which point the back-
ground field becomes dynamical and oscillates about the
minimum of its potential. This oscillatory behavior leads to
a cycle-averaged evolution of the background and pertur-
bative field dynamics [20,30]. A more detailed description
of this model can be found in Refs. [20,21], and we make
use of the modified CLASS [40] publicly available at https://
github.com/PoulinV/AxiCLASS. As done in past work, we
trade the theory parameters m and f for phenomenological
parameters, namely the critical redshift at which the field

becomes dynamical zc and the fractional energy density
contributed by the field at the critical scale factor
faxEDEðzcÞ. Our third parameter is θi, which controls the
effective sound speed c2s and thus the dynamics of
perturbations (mostly). Moreover, we assume that the field
always starts in slow roll (as enforced by the very high
value of the Hubble rate at early times), and without loss of
generality we restrict 0 ≤ θi ≤ π.
The NEDE model proposes two cosmological scalar

fields, the NEDE field ψ of mass M and the “trigger”
(subdominant) field ϕ of massm, whose potential is written
as (with canonically normalized kinetic terms)

Vðψ ;ϕÞ ¼ λ

4
ψ4 þ 1

2
βM2ψ2 −

1

3
αMψ3 þ 1

2
m2ϕ2

þ 1

2
γϕ2ψ2; ð2Þ

where λ, β, α, and γ are dimensionless couplings. When
H ≲m, ϕ rolls down the potential, eventually dropping
below a threshold value for which the field configuration with
ψ ¼ 0 becomes unstable, at which point a quantum tunneling
to a true vacuum occurs and the energy density contained in
the NEDE field rapidly dilutes. We make use of the modified
CLASS version presented in Ref. [22] and available at https://
github.com/flo1984/TriggerCLASS. The NEDE model is
specified by the fraction of NEDE before the decay,
fNEDEðz�Þ≡ ρ̄NEDEðz�Þ=ρ̄totðz�Þ (where z� is given by the
redshift at which H ¼ 0.2m), the mass of the trigger-field4

mϕ, which controls the redshift of the decay z�, and the
equation of state after the decay wNEDE. We follow Ref. [22]
and take the effective sound speed in the NEDE fluid c2s
to be equal to the equation of state after the decay, i.e.,
c2s ¼ wNEDE. In order to be more generic and to compare two
EDE models with the same number of free parameters, in our
main analysis we take wNEDE to be a free parameter with a
range between 1=3 and 1. In Appendix C, we also explore
wNEDE ¼ 2=3, as is done in Ref. [22].

B. Details of the Markov chain Monte Carlo analyses

Our baseline analysis includes the TT, TE, and EE power
spectra from ACT data release 4 (DR4) [41] and the WMAP
9 yr data release [42]. Following the ACT Collaboration, we
leave out the low-l EE power spectra and instead place a
Gaussian prior on the optical depth5 τ ¼ 0.0543� 0.0073, as
derived from Planck data within ΛCDM [2]. Additionally,
our baseline analysis includes BAO measurements from the
6dF Galaxy Survey at z ¼ 0.106 [44], Sloan Digital Sky

3For earlier investigations of an EDE cosmology, see also
Refs. [35–37].

4In the following, we will use the simpler notation
mNEDE ≡mϕ ×Mpc.

5This differs from the ACT Collaboration’s choice of τ ¼
0.065� 0.015 [26], but is in agreement with that of the SPT
Collaboration [43]. Our conclusions are not affected by the
choice of prior on τ.
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Survey DR7 at z ¼ 0.15 [45], and BOSS DR12 at z ¼ 0.38,
0.51, and 0.61 [3], as well as uncalibrated luminosity
distance of SNIa in the Pantheon catalog, spanning redshifts
0.01 < z < 2.3 [1].
We also considered the impact of using different combi-

nations of CMB datasets, leaving the BAO and SN1a data
fixed. To compare to the current literature, we used Planck
low-l CMB TT, EE, the high-l TT, TE, EE, and lensing
data [2] (including BAO and Pantheon data). We also used a
combination of Planck and (restricted) ACT data. In that
case, to limit double counting of information, we follow the
procedure of the ACT Collaboration and truncate multipoles
l < 1800 in the ACT TT data.6 Finally, we consider a
restricted Planckþ ACT dataset, where the Planck multi-
poles are limited to l ≤ 1060 (mimicking the multipole
range of WMAP). For both axEDE and NEDE, we adopt
uninformative flat priors on ΛCDM parameters and set two
massless and one massive active neutrino species with
mν ¼ 0.06 eV, following Planck’s conventions [2]. We also
model nonlinear corrections in the matter power spectrum
through the Halofit algorithm [46,47], as implemented in
CLASS. In the axEDE case, we take the priors
faxEDEðzcÞ ∈ ½0; 0.3�, log10ðzcÞ ∈ ½2; 4.5�, and θi ∈ ½0; 3.1�,
while in the NEDE we take the priors fNEDEðz�Þ ∈ ½0; 0.3�,
log10ðmNEDEÞ ¼ ½1.3; 3.3�, and wNEDE ∈ ½1=3; 1�. We take

our Markov chain Monte Carlo (MCMC) chains to be
converged when the Gelman-Rubin criterion7 R − 1≲ 0.1
[48]. To extract the best-fit parameters, we make use of
the MINUIT algorithm [49] through the IMINUIT PYTHON

package.8

C. Results of the analyses

We show the posterior distributions for axEDE and
NEDE in Figs. 2 (left) and 3 (left), respectively. We report
all relevant results for the axEDE model in Tables I and II,
while results for the NEDE model are reported in Tables III
and IV. We report χ2min per experiment for the various
analyses performed in this work in Appendix E.
First, one can see that the results of the WMAPþACT

analysis are significantly different from those of the Planck
analysis. When fit to WMAPþACT we find that a nonzero
contribution of axEDE and NEDE is favored at ≳2σ. We
stress that this preference for a nonzero axEDE and NEDE
contribution does not rely on the inclusion of a prior from
SH0ES on the value of H0 (since we did not include such
prior). On the other hand, Planck data lead only to upper limit
on faxEDEðzcÞ < 0.089 and fNEDEðz�Þ < 0.116 (95% C.L.),
in agreement with previous works [21,22,25].

1. Axionlike Early Dark Energy

In the axEDE case, we find faxEDEðzcÞ ¼ 0.158þ0.051
−0.094

and log10ðzcÞ ¼ 3.326þ0.2
−0.093, while θi is unconstrained.

FIG. 2. 2D posteriors of a subset of parameters in the axEDE cosmology fit to various datasets (see legend) with (right) and without
(left) a prior taken from SH0ES on the intrinsic SN1a magnitude.

6We note that, as discussed in Ref. [26], when combining
Planck and ACT data, we remove the “low”-lACT TT bins. This
procedure was developed with respect to ΛCDM, and it is
possible that, when fitting a different cosmological model, this
procedure includes unaccounted for correlations between these
datasets. Since our main conclusions do not rely on this
combination of data, we do not explore this further.

7Most of our chains actually have R − 1 ≲ 0.03, but some runs
show complicated posteriors (including bimodality), which
renders a tighter R − 1 criterion not practically achievable.

8https://iminuit.readthedocs.io/.
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Remarkably, H0 ¼ 73.43þ2.6
−3.4 and is in agreement with

the SH0ES determination of H0. Comparing with ΛCDM,
we find Δχ2minðaxEDEÞ ¼ χ2minðΛCDMÞ − χ2minðaxEDEÞ ¼
−14.6, for three extra free parameters. Despite the difference

between WMAPþACT and Planck, it is instructive
to replace WMAP data by Planck data, given that the
inconsistency is mild, and to attempt to further constrain
the axEDE contribution. Interestingly, we find that the

FIG. 3. 2D posteriors of a subset of parameters in the NEDE cosmology fit to various datasets (see legend) with (right) and without
(left) a prior taken from SH0ES on the intrinsic SN1a magnitude.

TABLE I. The mean (best-fit)�1σ errors of the cosmological parameters reconstructed from
analyses of WMAP and ACT data (together with BAO and SN1a data) in the axEDE model.
For each dataset, we also report the best-fit χ2 and the QDMAP tension with SH0ES.

Model Axionlike early dark energy

Parameter
WMAPþ ACT

þBAO þ Pantheon þSH0ES

faxEDEðzcÞ 0.158ð0.234Þþ0.051
−0.094 0.155ð0.188Þþ0.033

−0.041
log10ðzcÞ 3.326ð3.493Þþ0.2

−0.093 3.352ð3.444Þþ0.1
−0.075

θi Unconstrained (2.813) Unconstrained (2.815)

H0 (km=s=Mpc) 73.43ð75.52Þþ2.6
−3.4 73.44ð73.94Þ � 1.2

100ωb 2.201ð2.216Þþ0.049
−0.035 2.205ð2.214Þþ0.039

−0.033
ωCDM 0.1402ð0.1505Þþ0.0098

−0.015 0.1401ð0.1420Þþ0.0058
−0.006

109As 2.171ð2.206Þþ0.072
−0.058 2.176ð2.190Þþ0.045

−0.039
ns 0.9884ð1.001Þ � 0.019 0.9886ð0.9953Þ � 0.012
τreio 0.0539ð0.5269Þþ0.0074

−0.0068 0.0535ð0.0546Þþ0.0069
−0.0071

Mb −19.25ð−19.18Þþ0.082
−0.095 −19.24ð−19.23Þþ0.037

−0.035
S8 0.862ð0.888Þþ0.042

−0.034 0.866ð0.867Þþ0.026
−0.024

Ωm 0.3019ð0.3039Þþ0.0073
−0.0081 0.3018ð0.3013Þþ0.0069

−0.0073

χ2min 6931.7 6932.5
Δχ2minðΛCDMÞ −14.6 −31.5

QDMAP 0.9σ
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combination of Planckþ (TT-restricted) ACT leads to a
weaker 95% C.L. upper limit (faxEDE < 0.110) than without
ACT (faxEDE < 0.084).

2. New early dark energy

In the NEDE case, the distribution is more complicated,
showing a bimodality in mNEDE. To better capture the two

TABLE II. Themean (best-fit)�1σ errors of the cosmological parameters reconstructed from analyses ofPlanck andACTdata (together
with BAO and SN1a data) in the axEDE model. For each dataset, we also report the best-fit χ2 and the QDMAP tension with SH0ES.

Model Axionlike early dark energy

Parameter
Planck

þBAO þ Pantheon þSH0ES
Planckþ ACT

þBAO þ Pantheon þSH0ES

faxEDEðzcÞ < 0.084ð0.09Þ 0.103ð0.125Þþ0.035
−0.028 < 0.11ð0.118Þ 0.121ð0.124Þþ0.028

−0.026
log10ðzcÞ Unconstrained (3.569) 3.602ð3.574Þþ0.11

−0.044 3.417ð3.498Þþ0.2
−0.43 3.548ð3.566Þþ0.049

−0.031
θi 1.933ð2.773Þþ1.2

−0.44 2.578ð2.744Þþ0.35
0.011

Unconstrained (2.688) 2.794ð2.803Þþ0.087
−0.078

H0 (km=s=Mpc) 68.6ð70.88Þþ0.55
−1.1 71.23ð72.03Þ � 1.1 68.95ð71.54Þþ0.76

−1.6 71.79ð72.16Þ � 0.99
100ωb 2.257ð2.270Þþ0.017

−0.02 2.281ð2.284Þþ0.02
−0.023 2.246ð2.261Þ � 0.016 2.258ð2.270Þ � 0.018

ωCDM 0.1219ð0.1278Þþ0.0013
−0.0034 0.1297ð0.1321Þ � 0.0039 0.1233ð0.1318Þþ0.0021

−0.005 0.1319ð0.1318Þþ0.0035
−0.0038

109As 2.118ð2.159Þþ0.031
−0.034 2.149ð2.159Þþ0.032

−0.035 2.134ð2.142Þþ0.031
−0.033 2.161ð2.168Þþ0.03

−0.034
ns 0.9719ð0.9850Þþ0.0048

−0.0076 0.9871ð0.9912Þþ0.0072
−0.0068 0.9755ð0.9873Þþ0.0058

−0.0088 0.9889ð0.9937Þþ0.0057
−0.0064

τreio 0.0569ð0.0617Þþ0.0071
−0.0078 0.05769ð0.05768Þþ0.0073

−0.0079 0.0557ð0.0517Þþ0.0068
−0.0077 0.0552ð0.0573Þþ0.0071

−0.0079

Mb −19.39ð−19.32Þþ0.016
−0.033 −19.31ð−19.29Þ � 0.032 −19.38ð−19.30Þþ0.023

−0.047 −19.29ð−19.28Þ � 0.029
S8 0.828ð0.836Þ � 0.013 0.839ð0.843Þ � 0.013 0.834ð0.843Þ � 0.013 0.844ð0.843Þ � 0.013
Ωm 0.3085ð0.3008Þ � 0.0059 0.3019ð0.3000Þ � 0.0056 0.3079ð0.3030Þþ0.0059

−0.0062 0.3010ð0.2980Þþ0.005
−0.0053

χ2min 3804.0 3806.3 4046.4 4046.5
Δχ2minðΛCDMÞ −4.0 −21.8 −3.8 −24.0

QDMAP 1.5σ 0.3σ

TABLE III. The mean (best-fit) �1σ errors of the cosmological parameters reconstructed from analyses of WMAP and ACT data
(together with BAO and SN1a data) in the NEDE model. For each dataset, we also report the best-fit χ2 and the QDMAP tension with
SH0ES. We recall that mNEDE ≡mϕ ×Mpc.

Model New early dark energy

Parameter
WMAPþ ACT

þBAO þ Pantheon (M1) þSH0ES
WMAPþ ACT þ BAO

þPantheon (M2) þSH0ES

fNEDEðz�Þ 0.12ð0.151Þþ0.03
−0.055 0.169ð0.189Þþ0.043

−0.04 0.071ð0.065Þþ0.02
−0.024 0.094ð0.078Þþ0.019

−0.033
log10ðmNEDEÞ 1.687ð1.850Þþ0.22

−0.25 1.901ð1.94Þþ0.15
−0.12 2.916ð3.009Þþ0.13

−0.079 2.897ð3.006Þþ0.15
−0.076

3wNEDE 2.14ð2.73Þþ0.86
−0.27 2.28ð2.76Þþ0.72

−0.2 1.12ð1.00Þþ0.02
−0.12 1.181ð1.054Þþ0.042

−0.18

H0 (km=s=Mpc) 70.51ð71.57Þþ1.1
−2.2 72.54ð72.96Þþ1.3

−1.2 70.3ð70.32Þþ0.89
−0.95 71.32ð70.77Þþ0.81

−0.96
100ωb 2.167ð2.188Þþ0.04

−0.043 2.189ð2.206Þþ0.042
−0.037 2.201ð2.178Þþ0.026

−0.03 2.215ð2.193Þþ0.026
−0.03

ωCDM 0.135ð0.133Þþ0.006
−0.0056 0.1367ð0.1366Þþ0.0051

−0.0057 0.1296ð0.1291Þþ0.003
−0.0034 0.1315ð0.1307Þþ0.0031

−0.0041
lnð1010AsÞ 3.047ð3.068Þþ0.023

−0.025 3.066ð3.077Þþ0.023
−0.019 3.073ð3.077Þ � 0.016 3.076ð3.076Þ � 0.016

ns 0.9758ð0.9751Þþ0.013
−0.011 0.9903ð0.9825Þ � 0.0066 0.9904ð0.9911Þþ0.0062

−0.0063 0.9959ð0.9941Þþ0.0065
−0.0069

τreio 0.0541ð0.0535Þþ0.0066
−0.0072 0.0534ð0.0532Þþ0.0065

−0.007 0.0547ð0.0540Þþ0.0066
−0.0071 0.0558ð0.0528Þþ0.0066

−0.0076

Mb −19.33ð−19.30Þþ0.034
−0.067 −19.27ð−19.26Þþ0.041

−0.036 −19.34ð−19.34Þþ0.026
−0.027 −19.31ð−19.32Þþ0.023

−0.029
S8 0.816ð0.849Þþ0.027

−0.037 0.845ð0.858Þþ0.03
−0.02 0.842ð0.849Þþ0.012

−0.012 � 0.019 0.847ð0.849Þþ0.012
−0.014

Ωm 0.3031ð0.3015Þþ0.007
−0.0074 0.2993ð0.2980Þþ0.0072

−0.0076 0.3074ð0.3051Þþ0.0074
−0.008 0.3034ð0.3032Þþ0.0072

−0.0076
z� 1573ð1872Þþ210

−680 2023ð2066Þþ340
−380 7870ð8774Þþ1200

−900 7642ð8617Þþ1400
−890

χ2min 6937.9 6938.9 6928.7 6934.5
Δχ2minðΛCDMÞ −8.4 −25.1 −17.6 −29.5

QDMAP 1.0σ 2.4σ
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modes, we perform two MCMC analyses, splitting the
parameter space between log10ðmNEDEÞ ∈ ½1.3; 2.5� (which
we denote by M1) and log10ðmNEDEÞ ∈ ½2.5; 3.3� (M2). We
find that the high-mass mode has log10ðmNEDEÞ ¼
2.916þ0.13

−0.079 (corresponding to z� ¼ 7870þ1200−900 ) with associ-
ated fNEDEðz�Þ¼0.071þ0.02−0.024;andH0¼70.3þ0.89

−0.95km=s=Mpc,
while the low-mass mode has log10ðmNEDEÞ ¼ 1.687þ0.22

−0.25
with fNEDEðz�Þ¼0.12þ0.03−0.055 andH0¼70.51þ1.1

−2.2 km=s=Mpc.
The high-mass mode represents an improvement with
respect to ΛCDM of Δχ2minðNEDEÞ ¼ −17.6, while the
low-mass mode has Δχ2minðNEDEÞ ¼ −8.4. Note that the
high-mass mode—with slightly lower H0—has a signifi-
cantly lower χ2 than the low-mass mode and is thus favored
over the mode that would fully resolve the Hubble tension.
Finally, combining Planck data with (TT-restricted) ACT
data, we find that the NEDE model still improves the fit over
ΛCDM by a small amount, Δχ2minðΛCDMÞ ≃ −5.7, but
fNEDEðz�Þ is compatible with zero at 1σ. In fact, the 2σ
constraint on the NEDE contribution significantly strength-
ens, from fNEDEðz�Þ < 0.116 (without ACT) to fNEDEðz�Þ
< 0.082 (with ACT). This is in contrast to the result for
axEDE and indicates that the combination of Planck and
ACT data has the potential to disentangle between different
EDE cosmologies. This is because within Planck, the low-
mass mode with high fNEDEðz�Þ and high H0 is not present.
Given that the high-mass mode within ACT—with a smaller

fNEDEðz�Þ—also has a smaller χ2, the combination of Planck
and ACT data favors this mode, leading to a smaller upper
limit on fNEDEðz�Þ.
Nevertheless, the difference between the WMAPþACT

and Planck 2D posteriors for the EDE cosmologies hints that
the two datasets may have some features that are inconsistent.
In Sec. IV, we further establish what features disfavor the
WMAPþACT EDE cosmologies within Planck data.

D. What about ACT seems to favor EDE?

It is of interest to assess what features of ACT favor EDE
over ΛCDM. Figure 4 shows the residuals of the axEDE and
NEDE best fit to WMAPþACTþBAOþPantheon with
respect to the ΛCDM best fit to the same data combination.9

Thedata points show the residuals of theACTdatawith respect
to the best-fit ΛCDM model to that same data combination.
First, focus on the residual of the EDE models. Within the

accuracy of ACT measurements, one can see that the TE
power spectrum does not show any identifiable features (in
fact, it is remarkably consistent with zero). Therefore, the
ACT TE power spectrum does not discriminate between the
different models. On the other hand both TT and EE power
spectra have interesting features. In EE, all three EDE curves
show noticeable deviations at l≲ 500, as well as at

TABLE IV. The mean (best-fit) �1σ errors of the cosmological parameters reconstructed from analyses of Planck and ACT data
(together with BAO and SN1a data) in the NEDE model. For each dataset, we also report the best-fit χ2 and the QDMAP tension with
SH0ES. We recall that mNEDE ≡mϕ ×Mpc.

Model New early dark energy

Parameter
Planck

þBAO þ Pantheon þSH0ES
Planckþ ACT

þBAOþ Pantheon þSH0ES

fNEDEðz�Þ < 0.116ð0.042Þ 0.125ð0.138Þþ0.037
−0.028 < 0.086ð0.027Þ 0.102ð0.107Þþ0.04

−0.029
log10ðmNEDEÞ 2.52ð2.50Þ � 0.34 2.5ð2.622Þþ0.17

−0.089 Unconstrained (3.167) 2.47ð2.43Þþ0.15
−0.18

3wNEDE 2.11ð1.84Þþ0.5
−0.44 2.11ð1.96Þþ0.14

−0.2 Unconstrained (1.089) 1.96ð1.99Þþ0.25
−0.23

H0 (km=s=Mpc) 68.83ð69.05Þþ0.69
−1.3 71.32ð71.66Þþ1.1

−0.96 68.62ð68.89Þþ0.59
−0.98 70.94ð70.94Þþ1.2

−1
100ωb 2.258ð2.259Þþ0.019

−0.026 2.293ð2.303Þþ0.026
−0.024 2.242ð2.247Þþ0.016

−0.018 2.267ð2.264Þ � 0.02
ωCDM 0.1232ð0.1226Þþ0.0019

−0.004 0.1299ð0.1315Þþ0.0037
−0.0034 0.1221ð0.1230Þþ0.0017

−0.003 0.1279ð0.1283Þþ0.0038
−0.0032

lnð1010AsÞ 3.056ð3.055Þþ0.014
−0.016 3.07ð3.08Þþ0.015

−0.016 3.057ð3.071Þþ0.013
−0.016 3.069ð3.075Þþ0.014

−0.015
ns 0.9734ð0.9751Þþ0.0058

−0.0087 0.9884ð0.9920Þþ0.0077
−0.0065 0.9741ð0.9824Þ � 0.0066 0.9871ð0.9888Þþ0.0071

−0.0073
τreio 0.0572ð0.0565Þþ0.0067

−0.0076 0.0582ð0.0634Þþ0.0067
−0.008 0.0550ð0.0608Þþ0.0066

−0.0074 0.05575ð0.0582Þþ0.0062
−0.0074

Mb −19.38ð−19.38Þþ0.02
−0.04 −19.31ð−19.30Þ � 0.03 −19.39ð−19.38Þþ0.017

−0.028 −19.32ð−19.32Þþ0.035
−0.031

S8 0.833ð0.827Þþ0.011
−0.013 0.842ð0.850Þ � 0.013 0.836ð0.842Þ � 0.012 0.837ð0.845Þþ0.012

−0.011
Ωm 0.309ð0.3060Þ � 0.006 0.3017ð0.3023Þ � 0.0055 0.3097ð0.3065Þþ0.0058

−0.0056 0.3004ð0.3000Þþ0.0055
−0.006

z� 5238ð4632Þþ1200
−2800 4591ð5257Þþ880

−660 unconstrained(10808.72) 4489ð4152Þþ730
−1200

χ2min 3806.3 3809.3 4043.8 4052.4
Δχ2minðΛCDMÞ −1.8 −18.8 −6.3 −18.1

QDMAP 1.7σ 2.9σ

9Our best-fit parameters are f100ωb ¼ 2.236;ωcdm ¼ 0.1193;
H0 ¼ 67.87; ns ¼ 0.9736; 109As ¼ 2.1108; τreio ¼ 0.0540g.
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l≳ 2500. In TT, the deviations oscillate around zero below
l ∼ 2000 and become increasingly important above ∼2500.
Note that the high-l tail above ∼3000 in each model is very
different from one another, but the current ACT precision is
not sufficient to differentiate between them.
Next, focus on the ACT residuals. Data points that deviate

from zero indicate where theΛCDMmodel deviates from the
measurements and therefore the EDE model might fit these
data points better. There is an oscillation in the ACT TT
residuals from 500≲ l≲ 2000 that appears to track oscil-
lations in the EDE curves. However, since these data points
are all statistically consistent with zero, they are unlikely to
have much statistical weight when comparing the fit to these
models. In the EE spectrum, there are clusters of bins
between 300≲ l and l≲ 1000 that are systematically off-
set from zero. We can see that the EDE curves have a shift
upward at the lower end of this range, providing a slightly
better “fit-by-eye” to the data there than ΛCDM.
None of these features truly appear as a clear indication of

an EDE given the accuracy of ACT. From these residuals, it
is clear that higher accuracy measurement of the tail of the
TT (and EE) power spectrum, as well as large-scale EE
measurement (between l ∼ 300 and l ∼ 500) will help
differentiating between EDE models (and ΛCDM).

III. QUANTIFYING THE TENSION WITH SH0ES
AND THE AGREEMENT BETWEEN HIGH-H0

EDE COSMOLOGIES

Before moving on to analyzing differences between
Planck and WMAPþACT, it is interesting to compare

these “high-H0” cosmologies to those obtained when
including information from SH0ES. We thus repeat the
analysis presented above, and following Refs. [50–52], we
now include a prior from the SH0ES Collaboration on the
SN1a intrinsic magnitude Mb. Comparing the χ2 with and
without the Mb prior will allow us to compute the QDMAP
tension metric introduced in Ref. [53]. In the right-hand
panel of Figs. 2 and 3, we plot the results of these analysis
for the axEDE and NEDE, respectively.

A. Axionlike early dark energy

In the axEDE case, we find a good agreement between all
reconstructed parameters. The most notable difference is in
the redshift of the transition, where PlanckþSH0ES favors
log10ðzcÞ ¼ 3.602þ0.11

−0.044, while WMAPþACT favors a
slightly lower value, log10ðzcÞ ¼ 3.326þ0.2

−0.093, i.e., a transition
slightly after matter-radiation equality. Yet, the combi-
nation Planckþ ACTþSH0ES improves the precision to
log10ðzcÞ ¼ 3.548þ0.049

−0.031 . On the other hand, the initial field
value is unconstrained with WMAPþACT, which is differ-
ent from the results with Planck, that favors high initial field
values (and a peculiar shape for the potential d2V=dθ2 close
to the initial field value) [21,38]. Nevertheless, the combi-
nation of Planckþ ACTþSH0ES leads to the tight meas-
urement θi ¼ 2.794þ0.087

−0.078 , which is remarkably consistent
with the Planck-only result, while being much more con-
strained. This further establishes the fact that CMB data are
particularly sensitive to the dynamics of EDE perturbations
around the time where the field becomes dynamical [21,38]

FIG. 4. Residuals of the TT, TE, and EE power spectra computed between the EDE cosmologies best fit to WMAPþ ACTþ
BAOþ Pantheon and the ΛCDM best fit to the same data combination, as reference. The data points are the residuals of ACT data with
respect to the same reference ΛCDM best-fit model.

POULIN, SMITH, and BARTLETT PHYS. REV. D 104, 123550 (2021)

123550-8



(in particular, EE data). Finally, Planckþ ACTþSH0ES
leads to a ∼4.8σ detection of axEDE, with faxEDEðzcÞ ¼
0.12� 0.028, an improvement from the run without ACT,
which led to faxEDEðzcÞ ¼ 0.10þ0.035

−0.028 . Additionally, we
quantify theQDMAP tension metric betweenWMAPþACTþ
BAOþPantheon and SH0ES, computed from

ffiffiffiffiffiffiffiffiffiffiffiffi
Δχ2min

p

between the analyses with and without the SH0ES prior,
to be ∼0.9σ. This clearly shows that these datasets are in
statistical agreement when fit to the axEDE cosmology, while
when fit to ΛCDM, we find a ∼4.2σ tension. Remarkably,
there is also no tension between Planckþ ACTþ BAOþ
Pantheon and SH0ES, given that we find a QDMAP ≃ 0.3σ.
For comparison, the tension within theΛCDMmodel is 4.5σ.
We conclude that, even when adopting a conservative
analysis and combining the mildly discrepant Planck and
ACT dataset, the axEDE model provides an excellent
resolution to the Hubble tension.

B. New early dark energy

The case of NEDE is very different. First, we note that the
low-mass mode M1 is in good agreement with SH0ES with
QDMAP ≃ 1.0σ, while the high-mass mode M2 (with the
lowest χ2min) is still in 2.4σ tension. Moreover, as can be seen
in the right panel of Fig. 3, the region of parameter space
favored byPlanckþ BAOþ PantheonþMb lives between
the two log10ðmNEDEÞ modes that are favored by
WMAPþACTþBAOþPantheon. As a result, the QDMAP
estimator indicates that the combination Planckþ ACTþ

BAOþ Pantheon is in ∼3σ tension with SH0ES within the
NEDE model, and the reconstructed NEDE fraction drops by
∼1σ, from fNEDEðz�Þ ¼ 0.129þ0.034

−0.031 (without ACT) to
fNEDEðz�Þ ¼ 0.108þ0.029

−0.027 (with ACT). We conclude that in
light of the combination of Planck and ACT data, the NEDE
model does not provide as good a resolution to the Hubble
tension. Naturally, these conclusions could be affected by the
mild discrepancy between Planck and ACT data we further
explore in the next section. Additionally, it is possible that
different conclusions would be reached if we had followed
the approach from Ref. [22] to fix wNEDE ¼ 2=3. In fact, we
note that the Planckþ ACTþ BAOþ PantheonþSH0ES
analysis seems to favor that value, while the analysis without
SH0ES favors smaller values of wNEDE, but is not incom-
patible with wNEDE ¼ 2=3. We present an analysis of the
wNEDE ¼ 2=3 case against Planckþ ACTþ BAOþ
Pantheon in Appendix C.

IV. WHAT IS IT ABOUT PLANCK DATA THAT
DISFAVORS EDE?

A. Δχ 2 considerations: The role of TT data

To start to gauge what may be causing the difference in
Planck vs ACT fits, Fig. 5 shows the residual of the CMB
power spectra between the ΛCDM and EDE best-fit cos-
mologies of the WMAPþACTþBAOþPantheon data com-
bination, compared to that of the EDE best-fit cosmologies to
Planck TT data alone. We also show the residuals of Planck
and ACT data. In this case, we take the best-fitΛCDMmodel

FIG. 5. Residual of the CMB power spectra between ΛCDM from Planck and the axEDE best-fit cosmologies of the WMAPþ ACT
or “Planck high-TTþ low-EEþ low-TT” data combination. We also show the Planck and ACT data residuals with respect to the
Planck best-fit ΛCDM model.
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to Planck high-l TT;TE;EEþ low-l EE [54] as a
common reference model. One can see that the axEDE
best-fit model from WMAPþACT predicts a higher tail at
high l than the Planck TT best-fit model, which (by eye) is
consistent with the ACT data points but overshoots the
Planck data at l≳ 1500. The NEDE residuals tell a similar
story, as shown in Fig. 6, although the oscillatory behavior of
the residuals in TT and EE makes it harder to isolate the
feature responsible for constraining NEDE in Planck.
We can obtain a more precise statement of where the

mismatch lies in the TT Planck power spectrum by
exploring how the cumulative χ2 varies as a function of
the maximum multipole. We show

Plmax
l¼30 Δχ2l;TT, where

Δχ2l;TT≡χ2minðPlanckTTþ lowlÞ−χ2minðWMAPþACTþτÞ
as a function of lmax in Fig. 7. For the datasets WMAPþ
ACTþ τ, we fixed the cosmological parameters to the best
fit of these data and optimized the values of the Planck TT
nuisance parameters. There we can see that the

Plmax
l¼30 Δχ2

drops around l ∼ 1000 and again around l ∼ 1500 for both
EDE models we have analyzed, confirming the qualitative
intuition we gained from the residual plots in Fig. 5.

B. Analyses with restricted Planck data

We can get additional insight on the constraining power
of the features we isolated by “throwing away” parts of
Planck data at high l. We performed a MCMC analysis
of Planck data together with ACT, now restricting the
Planck l range10 to l < 1060 (which also roughly matches
the range of l covered by WMAP11 [55]). We compare
removing information only in TT, only in TE and EE, or in
all data. In the left (right) panel of Fig. 8, we show the
resulting 1D marginalized posterior distribution for H0 for
axEDE (NEDE). More detailed figures are presented in
Appendix B.

FIG. 6. Same as Fig. 5, for the NEDE case.

FIG. 7. The relative, cumulative, Δχ2l;TT ≡ χ2EDEjPlanckTTþLowl−
χ2EDEjWMAPþACTþτ. The drop around l ∼ 1000–1500 indicates that
the discrepancy between ACT and Planck data, as fit to both EDE
models we have analyzed, occurs around this scale.

10We note that there is some overlap in l between our
restricted Planck data mimicking WMAP and ACT, which can
potentially lead to double counting of information. Yet, we note
that the ACT team recommends no cut in lwhen combining ACT
with WMAP, and we therefore follow this recommendation when
using restricted Planck data. Given that our main conclusions do
not rely on restricted Planck data, we leave a more careful
investigation to future work.

11Though, note that WMAP noise increases significantly
above l ∼ 500, which makes the restricted Planck data more
constraining than WMAP.
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Within the axEDEmodel, one can see that once the Planck
TTTEEE data are restricted to the WMAP range, the
combination of PlanckþACT leads to a shift in H0, which
is in good agreement with the WMAPþACT results, with
H0 ¼ 71.93þ2.2

−1.5 km=s=Mpc and faxEDEðzcÞ ¼ 0.119þ0.065
−0.035 .

We further isolate where this shift is coming from by focusing
attention on the light-blue curve, which just restricts the l
range of the Planck TT power spectrum. In this case the
posterior distribution is nearly identical to the fully restricted
Planck fit, indicating that TEEE data are not playing a role in
constraining the axEDE model favored by ACT. On the other
hand, when the full Planck TT data are included, but the
TEEE data are restricted (orange curves), the constraints are
compatible with the full Planck ones, implying that there may
be a (slight) tension between the high-l Planck and ACT
power spectra.
Within the NEDE model, the bimodality in mNEDE is

still present when restricting Planck TTTEEE, albeit less
well defined. Moreover, H0 only reaches values around
69–70 km=s=Mpc for both modes, while previously the M2
modewas compatiblewith∼73 km=s=Mpc.When including
either the high-l Planck TT or TEEE data, the bimodality
now disappears. The shift in H0 in NEDE appears to depend
on both the high-l temperature and polarization Planck
power spectra. When TT data are restricted, only the high-
mass mode (with H0 ∼ 70) survives. When TEEE data are
restricted, the TT data remove both modes, and the constraint
is compatible with that of full Planck data. This is another
illustration of the fact that even current CMB data are
sensitive to the detailed dynamics of the EDE dynamics
close to recombination. We leave a more detailed analysis of
a comparison between ACTand Planck constraints on NEDE
to future work.
We conclude that the strong constraints on the fraction of

EDE arises mainly from Planck high-l TT data, and that

there are features in the Planck TT power spectrum that
disfavor the WMAPþACT axEDE cosmology around
l ∼ 1000 and l ∼ 1500. Similar features restrict the
NEDE cosmology, while the TEEE data also impact the
ability of NEDE to reach high H0.

V. TESTING axEDE WITH MOCK DATA: IS EDE
ARTIFICIALLY FAVORED BY WMAP+ACT?

In this section, given similarities between the axEDE and
NEDE models, we focus on the axEDE model, noting that
our overall conclusions apply to both.
Having established a difference between the ACT and

Planck TT power spectra when fitting to the axEDE model,
we perform a mock data analysis to determine whether the
preference for axEDE in the ACT data could be driven by
some artificial complicated degeneracy within the multidi-
mensional parameter space that would appear simply because
ACT data are less precise than Planck in this multipole range.
To that end, we perform analyses on two different mock
datasets. First, we take the ΛCDM best-fit cosmology to real
ACT data as the fiducial model, and fit both ΛCDM and
axEDE to these mock data. Our goal is to check whether an
artificial axEDE signal appears even though ΛCDM is the
“true”model. Second, we take the axEDE best-fit cosmology
to real ACT data as the fiducial model and perform the same
set of analyses. In that case, our goal is to check to what
extent theΛCDMmodel can accommodate the axEDE signal
by readjusting its parameters (and therefore lead to biased
constraints relative to the fiducial model parameters).
In order to perform this mock analysis, we compiled a

modified likelihood code (based on the ACTPol Lite
PYTHON likelihood), which uses the full ACTPol covari-
ance matrix but allows for a different set of fiducial power
spectra. Figure 9 and Tables V–VII show our results.

FIG. 8. Left: 1D posterior distribution of H0 in the axEDE (right) and NEDE (left) model when fit to Planck data restricted to
l < 1060 together with ACT, compared to the results of the WMAPþACT and full Planck+ACTanalyses. In the NEDE case, we show
the low-mass mode with a dashed line and the high-mass mode with a solid line.

DARK ENERGY AT EARLY TIMES AND ACT DATA: A LARGER … PHYS. REV. D 104, 123550 (2021)

123550-11



First, the axEDE cosmology provides an excellent fit to
theΛCDM fiducial, with aΔχ2 ¼ 0.26. However, it does so
simply becauseΛCDM is nested within the axEDE cosmol-
ogy, and no spurious axEDE signal is detected. The axEDE
parameters log10ðzcÞ and θi are unconstrained, while
faxEDEðzcÞ < 0.162. This is markedly different from their
values when fit to the real data: log10ðzcÞ ¼ 3.31þ2

−0.27,
faxEDEðzcÞ ¼ 0.152þ0.054

−0.091 . This demonstrates that the appar-
ent axEDEdetectionwithinACTdata cannot be attributed to

a bias created by a lack of information compared to
Planck data.
Second, the ΛCDM cosmology provides a decent fit to

the axEDE fiducial, with Δχ2 ¼ 10.32. It is interesting to
note that this number is remarkably similar to what is
obtained when comparing the ΛCDM vs axEDE fit to the
real ACT data, namely, Δχ2 ¼ 9.3. However, the posterior
distributions for several parameters are significantly differ-
ent from their fiducial values, showing biases up to ∼7σ.

FIG. 9. 2D posteriors of a subset of parameters in the ΛCDM (top left) and axEDE (top right and bottom) cosmologies fit to ACT data
with a prior on τ, compared with analysis of mock ACT data. In all panels, results of the real data analysis are shown in red. Results of
the mock analysis with the ΛCDM best-fit model as fiducial are displayed in blue, while the results of the mock analysis with the axEDE
best-fit model as fiducial are shown in green.
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For example, the axEDE fiducial values H0 ¼ 77.49 and
ωCDM ¼ 0.1460 become H0 ¼ 68.29� 1.6 and ωCDM ¼
0.1170� 0.0038. In fact, the marginalized constraints to
the ΛCDM parameters when fit to the axEDE fiducial are
remarkably close to the values we find when fitting ΛCDM
to the actual ACT data.
These results give us confidence that the axEDE fit to ACT

data is not driven by a degeneracy in the data but is, in fact,
consistent with the possibility that the data are better
described by an axEDE cosmology than they are by ΛCDM.

VI. DISCUSSION AND CONCLUSIONS

A. Summary of the main findings

In this paper, we have fit two models of EDE—the
phenomenological axionlike axEDE model from Ref. [21]

and the NEDE model from Ref. [27]—to the latest data from
the ACT Collaboration [26] in combination with data either
from the WMAP or Planck, along with measurements of the
BAOs and uncalibrated SN1a from Pantheon data. Our work
provides a clear example of how CMB measurements alone
may discriminate between different EDE models. Our main
results can be summarized as follows:
(1) ACT (with and without WMAP) prefers a nonzero

EDE contribution at ≳2σ, regardless of the model,
without the need to include any prior on H0 (or Mb),
and there is no residual tension between WMAPþ
ACTþBAOþPantheon and SH0ES. This is in
contrast with results from Planckþ BAOþ
Pantheon, which only leads to an upper limit on
the fraction of the EDE energy density at the critical
redshift, for a (small) residual tension of ∼1.5σ.

TABLE VI. The mean (best-fit) �1σ errors of the cosmological parameters recon-
structed in the ΛCDM and axEDE model from the analysis of mock ACT data generated
from the ΛCDM best-fit cosmology extracted from the real ACT data, with a prior on
τ ¼ 0.0543� 0.0073.

Data ACTþ τ (mock data with ΛCDM fiducial)

Model Fiducial model ΛCDM axEDE

faxEDEðzcÞ � � � � � � < 0.162
log10ðzcÞ � � � � � � unconstrained
θi � � � � � � unconstrained

H0 (km=s=Mpc) 67.24 67.26� 1.6 68.32þ1.9
−2.9

100ωb 2.153 2.153� 0.032 2.165þ0.034
−0.04

ωCDM 0.1196 0.1196� 0.0039 0.1235þ0.0038
−0.0071

109As 2.084 2.081� 0.042 2.09þ0.045
−0.048

ns 1.006 1.006� 0.016 1.012þ0.018
−0.023

τreio 0.0551 0.0545� 0.0074 0.0548þ0.0072
−0.0074

χ2min � � � 0 0.2

TABLE V. The mean (best-fit) �1σ errors of the cosmological parameters recon-
structed in the ΛCDM and axEDE models from the analysis of real ACT data with a prior
on τ ¼ 0.0543� 0.0073.

Data ACTþ τ (real data)

Model ΛCDM axEDE

faxEDEðzcÞ � � � 0.152ð0.254Þþ0.054
−0.091

log10ðzcÞ � � � 3.31ð3.78Þþ0.2
−0.27

θi � � � Unconstrained (2.99)

H0 (km=s=Mpc) 67.74ð67.24Þ � 1.6 74.19ð77.49Þþ3.6
−4.8

100ωb 2.151ð2.153Þ � 0.031 2.161ð2.244Þþ0.055
−0.061

ωCDM 0.1183ð0.1196Þ � 0.0039 0.1349ð0.1460Þþ0.0081
−0.015

109As 2.072ð2.084Þ � 0.042 2.129ð2.179Þþ0.057
−0.07

ns 1.014ð1.006Þ � 0.016 1.002ð1.064Þþ0.032
−0.048

τreio 0.0543ð0.0511Þ � 0.0074 0.0546ð0.0569Þþ0.0072
−0.0073

χ2min 280.2 270.9

Δχ2min −9.3
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(2) Yet, when conservatively combining a restricted ACT
with Planck within the axEDE model, we find a
weaker upper limit than from Planck only,
faxEDEðzcÞ < 0.110 [as opposed to faxEDEðzcÞ
< 0.084]. Remarkably, there is no tension between
Planckþ ACTþ BAOþ Pantheon and SH0ES
(0.4σ), in stark contrast with ΛCDM, for which the
tension is 4.5σ. However, the NEDE model is more
strongly constrained than without ACT, yielding
fNEDEðz�Þ < 0.082 [as opposed to fNEDEðz�Þ
< 0.116] and a residual 2.9σ tension. This shows
that the combination of Planck and ACT can break
degeneracies between EDE models.

(3) Within the axEDE model, it is interesting to note that
the ACT and WMAPþACT do not place any con-
straint on the initial field displacement θi. However,
when we replace WMAP with the Planck data
restricted to l < 1060, we find a relatively tight
constraint, θi ¼ 2.705þ0.2

−0.067. This indicates that the
more precise measurements from Planck at lower
multipoles are sensitive to the details of the perturba-
tive EDE dynamics [21]. Additionally, WMAPþACT
seem to favor a critical redshift zc for the axEDE
transition slightly lower than matter-radiation equality
redshift zeq, although a combined analysis of
Planckþ ACTþSH0ES does favor zc around zeq.

(4) Similarly, in the NEDE model, the trigger-field mass
(which controls the redshift of the transition) favored
by PlanckþSH0ES is different from (although
compatible with) that from theWMAPþACT analy-
sis, which shows a bimodal distribution.

(5) We have shown that restricting Planck data l range to
l < 1060 (which roughly matches the range of l
covered by WMAP), in combination with ACT, leads
to similar results as the WMAPþACT analysis. We

have further identified that there are differences
between ACT and Planck TT spectra around l ∼
1000 and l ∼ 1500, where ACT data are systemati-
cally higher than that from Planck, which restrict the
EDE contribution within Planck data.

(6) From the analysis of mock ACT data, we have
confirmed that the preference for a nonzero axEDE
contribution does not come from a lack of low to
intermediate angular scale information, which would
bias the marginalized posteriors. Assuming the
ΛCDM best-fit cosmology as fiducial model, we
have shown that the axEDE posteriors are compat-
ible with faxEDE ¼ 0 at 1σ, in stark contrast with the
result of the real data analysis. On the other hand,
with an axEDE fiducial, we found that the recon-
structed posteriors in the ΛCDM model show bias
up to ∼7σ compared to their fiducial value (most
notably for fH0;ωCDMg), at a cost in χ2min ¼ þ10.
Remarkably, the reconstructed parameters and the
χ2min penalty is in very good agreement with the real
data analysis from ACT. This further indicates that
(contrary to Planck) ACT data seem to (mildly)
favor the axEDE cosmology over the standard
ΛCDM model (and, by extension, other EDE
models). To quickly gauge the significance of the
preference for axEDE, we assume that the Δχ2
follows a χ2 distribution with 3 degrees of freedom
(d.o.f.),12 which indicates 2.2σ and 3.1σ preference
over ΛCDM for the ACT and WMAPþACTþ
BAOþPantheon data, respectively. Similarly, we

TABLE VII. The mean (best-fit) �1σ errors of the cosmological parameters recon-
structed in the ΛCDM and axEDE model from the analysis of mock ACT data generated
from the axEDE best-fit cosmology extracted from the real ACT data, with a prior on
τ ¼ 0.0543� 0.0073.

Data ACTþ τ (mock data with axEDE fiducial)

Model Fiducial model ΛCDM axEDE

faxEDEðzcÞ 0.254 � � � 0.186þ0.099
−0.097

log10ðzcÞ 3.78 � � � 3.52� 0.23
θi 2.9875 � � � 2.278þ0.82

−0.15

H0 (km=s=Mpc) 77.49 68.29� 1.6 76.18þ4.1
−5.3

100ωb 2.244 2.164� 0.032 2.215þ0.048
−0.046

ωCDM 0.146 0.1170� 0.0038 0.1389þ0.012
−0.015

109As 2.179 2.076� 0.043 2.156þ0.061
−0.065

ns 1.0642 1.006� 0.016 1.032þ0.032
−0.035

τreio 0.0569 0.0551� 0.0074 0.0547þ0.0073
−0.0075

χ2min � � � 10.3 0

12Note that, while ΛCDM is indeed nested within the EDE
models, as it can be recovered by taking fEDE → 0, assuming
3 d.o.f. is a simplification, as other EDE parameters are also
irrelevant once fEDE → 0.

POULIN, SMITH, and BARTLETT PHYS. REV. D 104, 123550 (2021)

123550-14



find 2σ (2.4σ) and 2.1σ (3.5σ) preference for the
NEDE M1 (M2) model over ΛCDM.

B. From the Hubble tension to a CMB tension?

Previous analyses have identified other potential tensions
between the ACT, WMAP, and Planck. Within the context
of ΛCDM, Ref. [26] used the posterior distributions for ns
and ωb to argue that the high-lACT data may be in slight
tension with WMAP and Planck. They point out that a 5%
decrease in the ACT TE calibration would shift the
constraints into statistical agreement, but noted that there
is no reason to introduce such a correction. This “tension”
was mentioned in Ref. [39] when demonstrating that a fit of
acoustic dark energy [38] to PlanckþACT is constrained
by the intermediate scale (l ∼ 500) Planck polarization.
It has also been noted that constraints on ΛCDM using

measurements of the CMB E-mode polarization prefer a
value of H0 that is higher than the value obtained from
analyses that include temperature data [26,54,56,57].
Recently, Ref. [58] systematically explored why the polari-
zation and temperature results differ and concluded that it is
mainly driven by different degeneracy directions in the
fωb; nsg plane between high- and low-lCMB measure-
ments. The joint constraints naturally break these degen-
eracies, leading to the increase in the inferred value of ωb
and, as a result, a lower value of H0.
We find that, when fitting the axEDEmodel to ACT data,

the degeneracy between ωb and ns is altered. In particular,
the negative correlation between the amplitude of the small-
scale power spectrum and ωb (through Silk damping) is
broken by the presence of an EDE phase. A comparison
between constraints to these parameters using ACT vs
Planck data is shown in Fig. 10. There we can see that the
axEDE fit is more consistent than ΛCDM, reducing the
previously reported temperature vs polarization tension.

The ACT=Planck tension that we identify is different
than those that have been previously reported in the
literature. We find that the l≳ 1000 Planck TT power
spectrum may be in tension with the ACT power spectra.
This is reminiscent of the investigations of the consistency
of cosmological parameters measured from high and low
multipoles from Planck [2,59,60]. Although within the
context of ΛCDM these tensions are not statistically
significant [2], this work raises the possibility that, when
analyzed with other cosmological models, high- and low-
temperature multipoles may be in tension. In light of these
results, it would be particularly interesting to perform a
data-only comparison between Planck and ACT CMB
measurements. We leave a more systematic exploration
of this possibility to future work.

C. Final thoughts

These “hints” for the presence of EDE should certainly
be interpreted with care, given that they depend on the data
combination, and further work needs to be done to establish
whether they are real. For instance, analysis with SPT-3G
data would be interesting to test whether these results are
ground-based experiment (in)dependent or whether they
could come from fluctuation in a given patch of the sky. In
addition to this, the ACT Collaboration already has data
beyond DR4 (i.e., DR5 [61], which includes data acquired
in 2017–2018), which may also shed light on the DR4
preference for EDE cosmologies.
Moreover, it should be noted that, while the reconstructed

cosmology in the EDE models leads to SN1a intrinsic
magnitude Mb (and Hubble rate today H0) compatible with
local measurements, the S8 tension increases. This is illus-
trated in Fig. 11, where we compare the predicted S8 in EDE
cosmologies that resolve the H0 tension with the measure-
ment from KiDSþ BOSSþ 2dFLenS [11]. Concretely, in
the axEDE cosmology resulting from the Planckþ ACTþ
BAOþ PantheonþSH0ES data combination, we find
(Gaussian) tension at the 3.3σ level with the value from
KiDSþ BOSSþ 2dFLenS [11], and 3.2σ with that from
DES “3x2pt” statistics [12]. In comparison, against the same
data combination, the ΛCDM leads to 2.3σ and 2.1σ tension
with respect to KiDSþBOSSþ2dFLenS and DES, respec-
tively.13 Similar issues were raised in the literature [24,62,63],
but it was shown that EDE models are currently not excluded
by LSS data [25,64]. Future measurements of the halo mass
function at high z will provide an important test of EDE
cosmologies [65]. Nevertheless, resolving the S8 tension
requires different physics than that at play in resolving the
H0 tension, namely, one must decrease the matter power
spectrum at scales k ∼ 0.1–1 Mpc=h [66]. Numerous models
have been proposed to that end (involving, e.g., hot dark

FIG. 10. 2D posteriors in the ns vs ωb plane for various CMB
observations fit to an axEDE cosmology. Unlike in ΛCDM, the
degeneracy is positive for both low- and high-l observations.

13Dropping the SH0ES likelihood, in the ΛCDM model we
find 2.6σ and 2.5σ tension with respect to KiDSþ BOSSþ
2dFLenS and DES, respectively.
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matter [67], fuzzy dark matter [68,69], CDM decays to warm
daughters [70,71], or CDM interaction with a new “dark
radiation” component [72–76] or dark energy [77,78]) and,
while perhaps theoretically unpleasing in light of Occam’s
razor, could resolve the S8 tension independent of EDE. As a
concrete example, it was recently shown that the combination
of a ultralight axion with mass m ∼ 10−28 eV contributing at
5% to the CDM density, together with the NEDE model
studied here, could resolve both tensions [69].
Another (potential) issue raised by EDE cosmologies and,

more generally, models resolving the Hubble tension by

adjusting the sound horizon, is that the Universe is notably
younger than in ΛCDM, which could lead to tensions with
the measured age of old objects such as globular clusters of
stars (GCs) [79–81]. Recently, such measurements have been
shown to be in slight tension with the prediction from the
axEDE cosmology resulting from a fit to PlanckþSH0ES
[79,80]. In our case, we illustrate this potential tension in
Fig. 12 for the axEDE model reconstructed from our
WMAPþACT and Planck+ACT+Mb analyses (two cosmol-
ogies for which the Hubble tension is resolved), where we
also display the recent measurements from GCs, tU ¼
13.5� 0.027 Gyrs [79,82,83]. We find that, while the
predicted age of the Universe is systematically lower than
that measured from GCs, the differences are not statistically
significant (between 0.9σ and 1.2σ agreement for the
cosmologies resulting from analyses that include ACT data).
Similar considerations apply to “cosmic chronometers” (e.g.,
Ref. [84]), which are currently too imprecise to probe the
EDE scenarios [18], but could provide interesting tests in the
future.
While this tentative result from ACT shows that there is

a path to detecting an EDE in CMB data alone (as
advocated in Ref. [21]), more accurate measurements of
the CMB power TT and EE spectra above l ∼ 1000, as
well as around l ∼ 300–500 in EE, with surveys such as
the Simons Observatory [85] and CMB-S4 [86], will play
a crucial role in firmly establishing (or excluding) the
presence of dark energy at early times in the Universe and
help in differentiating between models.
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Note added.—Recently, we became aware of Ref. [87],
which also investigates how ACT data are fit by the
phenomenological axionlike axEDE model. Our conclu-
sions, as they relate to axEDE, are very similar to theirs.
They go further in their analysis of the preference for
EDE within ACT data, clearly establishing that it is
driven by the low-l EE multipoles. However, our work
also explores the NEDE model, investigates a little
further the source of tension between ACT and Planck
fits, and performs a mock analysis to establish that the
preference for axEDE in ACT data is not the result of a

bias due to complicated degeneracy appearing when
Planck data are removed from the analysis.

APPENDIX A: FULL ACTPol LIKELIHOOD

Throughout this paper we have used the ACTPol Lite
likelihood [26] which marginalizes over a number of
frequency-dependent nuisance parameters. In order to be
sure that the axEDE parameters are uncorrelated with these
additional nuisance parameters, we implemented a modified
version of CAMB [88], which incorporates the axEDE
dynamics, and analyzed this model using the full, fre-
quency-dependent ACTPol likelihood [41] using CosmoMC

[89,90]. We used the same priors (as listed in Ref. [41]) as the
standard ACT analysis. As shown in Fig. 13, the resulting
marginalized constraints on the axEDE parameters are not
changed when using the full ACT likelihood, compared to the
constraints with the lite version, justifying our use of the
ACTPol Lite likelihood when exploring constraints to
axEDE. Given the similarity between axEDE and NEDE
extensions of ΛCDM, it is reasonable to expect that the
NEDE constraints will also be unchanged when using the full
likelihood.

APPENDIX B: TRIANGLE PLOTS COMPARING
WMAP AND RESTRICTED PLANCK

The left panels of Figs. 14 and 15 show the reconstructed
axEDE and NEDE parameters, respectively, when analyzing
ACT together with either WMAP, Planck data restricted to
l < 1060, or the full multipole range of Planck. In the right
panels, we show the difference between restricting Planck in
TT, TEEE, or both. All analyses also include BAO and
Pantheon SN data. In the axEDE case, one can clearly see
that high-l TT data from Planck are driving the constraints.
For NEDE, however, the high-l TEEE from Planck also
kill the high-H0=low-trigger-mass mode. However, the
high-l TEEE data do allow for the high-mass mode with
a relatively high H0 ∼ 70 km=s=Mpc.

APPENDIX C: NEDE MODEL WITH w= 2=3

In this study, we have kept the NEDE field equation of
state wNEDE free to vary. While we have shown that there is
no clear preference emerging for specific values of wNEDE
from the analysis of WMAP and ACT data (see Table III), it
was noted in the literature that PlanckþSH0ES favor
wNEDE ¼ 2=3, such that previous studies have kept this
parameter fixed in their baseline analyses [22,27,91].
Similarly here, when combining Planckþ ACTþSH0ES,
we find that the data favor 3wNEDE ≃ 2� 0.2 (Table IV). Yet,
the tension between Planckþ ACT and SH0ES only
decreases to 2.9σ. It is interesting to check whether the fact
that the tension does not decrease much was due to
complicated prior volume effects and if keeping wNEDE ¼
2=3 can alter conclusions regarding the NEDE model. We
thus perform an additional run of the NEDE model against

FIG. 13. A comparison between the 2D posteriors of
fH0; faxEDEðzcÞ; log10ðzcÞ; θig reconstructed with the full ACT
likelihood (red) or the “lite version” (blue).
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Planckþ ACTþ BAOþ Pantheon with wNEDE ¼ 2=3.
We compare results with the wNEDE-free case in Fig. 16.
One can clearly see that H0 can extend to higher values, and
we find H0 ¼ 69.02þ0.78

−1.5 km=s=Mpc, a ≲1σ upward shift
compared to the wNEDE case. Moreover, in the wNEDE ¼ 2=3
case, we find χ2min ¼ 4048.05, while the wNEDE-free case led
to χ2min ¼ 4044.3. Reducing the parameter space therefore

only leads to a small change in χ2min. To quantify tension, we
compute the QDMAP metric between this run and the run that
includes a prior onMb presented in Sec. IV, for which letting
wNEDE free to vary led to a best-fit value of 2=3. We find
QDMAPðw ¼ 2=3Þ ¼ 2.1σ, which is lower than in thewNEDE-
free case, but still much larger than the tension level in the
axEDE model (0.3σ). We therefore conclude that our main

FIG. 15. Same as Fig. 14, for the NEDE case.

FIG. 14. 2D posteriors of a subset of parameters in the axEDE cosmology fit to various combinations of data. Left: we compare the
posteriors obtained when analyzing ACT together with either WMAP, Planck data restricted to l < 1060, or the full multipole range
of Planck. Right: we show the difference between restricting Planck in TT, TEEE, or both. All analyses also include BAO and
Pantheon data.
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conclusions are not changed by our choice of letting wNEDE
free to vary instead of keeping it fixed to 2=3.

APPENDIX D: ACT VS
ACT+WMAP+BAO+PANTHEON BEST FIT IN

THE axEDE COSMOLOGY

In Fig. 17, we compare the residuals between EDE andΛ
for the best-fit cosmologies reconstructed with and without
large-scale CMB information from WMAP, BAO, and
Pantheon data. One can see that the main impact of these
data (and, in particular, WMAP) is to reduce the amplitude
of the bump in EE and TT at l ∼ 400. In a combined fit, we
find that the fit to ACT data degrades slightly (∼þ 7) in
both cosmologies. Yet, the improvement provided by
axEDE over ΛCDM within ACT stays the same
(Δχ2 ∼ −10), while the fit to WMAP is (marginally)
improved as well (Δχ2 ∼ −3.5); the other χ2’s are relatively
unaffected. As a result, the preference for nonzero
faxEDEðzcÞ is slightly larger in the combined fit than in
ACT only.

FIG. 16. A comparison between the 2D posteriors recon-
structed from a run against Planckþ ACTþ BAO þ
Pantheon when wNEDE is let free to vary or fixed to 2=3.

FIG. 17. Residuals of the TT, TE, and EE power spectra computed between the axEDE and ΛCDM best fit to either ACT or
WMAPþ ACTþ BAOþ Pantheon. The data points are the residuals ofACTdatawith respect to the same referenceΛCDMbest-fit models.
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APPENDIX E: χ 2min PEREXPERIMENT

In this Appendix, we list in tables Tables VIII, IX, and X the χ2 of each experiment for the various analyses performed in
this work.

[1] D. M. Scolnic et al., The complete light-curve sample of
spectroscopically confirmed SNe Ia from pan-STARRS1
and cosmological constraints from the combined pantheon
sample, Astrophys. J. 859, 101 (2018).

[2] N. Aghanim et al. (Planck Collaboration), Planck 2018
results. V. CMB power spectra and likelihoods, Astron.
Astrophys. 641, A5 (2020).

[3] Shadab Alam et al. (BOSS Collaboration), The clustering of
galaxies in the completed SDSS-III Baryon oscillation

TABLE IX. Best-fit χ2 per experiment (and total) for all models when fit to WMAP and ACT.

ΛCDM axEDE NEDE, M1 NEDE, M2

ACTPol 287.06 287.93 276.04 276.174 276.39 277.48 272.43 273.72
WMAP 5627.16 5626.71 5623.74 5624.20 5629.62 5628.91 5624.459 5624.87
Pantheon SNIa 1026.86 1026.92 1026.71 1026.68 1026.69 1026.67 1026.77 1026.77
BAO BOSS low-z 1.38 1.81 1.71 1.94 1.89 2.20 1.68 1.84
BAO BOSS DR12 3.85 3.35 3.45 3.36 3.31 3.44 3.30 3.25
τ prior 0.001 0.02 0.05 0.001 0.01 0.02 0.001 0.02
SH0ES � � � 17.29 � � � 0.14 � � � 0.18 � � � 4.09

Total χ2 6946.31 6964.04 6931.70 6932.50 6937.92 6938.90 6928.65 6934.55
Δχ2 0 0 −14.61 −31.54 −8.39 −25.14 −17.66 −29.49

QDMAP 4.5σ 0.3σ 1.0σ 2.4σ

TABLE X. Best-fit χ2 per experiment (and total) for all models when fit to Planck and ACT.

ΛCDM axEDE NEDE

ACTPol 240.12 235.56 235.56 237.67 235.20 239.05
Planck high-l TT,TE,EE 2350.68 2350.63 2351.93 2347.98 2347.92 2349.61
Planck low-l EE 396.28 396.33 395.81 396.50 397.55 396.68
Planck low-l TT 22.17 22.17 21.25 20.74 21.32 20.918
Planck lensing 8.85 8.89 9.95 10.11 9.76 10.042
Pantheon SN1a 1026.80 1026.07 1026.71 1026.68 1026.82 1026.73
BAO BOSS low-z 1.44 1.41 1.71 2.19 1.43 1.88
BAO BOSS DR12 3.79 3.86 3.50 3.48 3.79 3.40
SH0ES � � � 19.73 � � � 1.15 � � � 4.05

Total χ2 4050.14 4070.47 4046.41 4046.50 4043.78 4052.37

TABLE VIII. Best-fit χ2 per experiment (and total) for all models when fit to ACT
alone.

ΛCDM axEDE NEDE, M1 NEDE, M2

ACTPol 280.19 270.774 271.82 270.21
τ prior 0.01 0.13 0.30 0.00

Total χ2 280.20 270.90 272.12 270.21
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