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In this work, we explore the possibility that early dark energy (EDE) is dynamical in nature and study its
effect on cosmological observables. We introduce a parametrization of the equation of state allowing for an
equation of state w differing considerably from cosmological constant (cc, w = —1) and vary both the
initial w; as well final w equation of state of the EDE fluid. This idea is motivated by the fact that in many

models of EDE, the scalar field may have some kinetic energy when it starts to behave like EDE before the
cosmic microwave background (CMB) decoupling. We find that the present data have a mild preference for
non-cc early dark energy (w; = —0.78) using Planck + BAO + Pantheon + SH(ES datasets, leading to
Ay?Z.. improvement of —2.5 at the expense of one more parameter. However, w; is only weakly constrained,
with w; < —0.56 at 16. We argue that allowing for w; # —1 can play a role in decreasing the oy parameter.
Yet, in practice the decrease is only ~0.40 and oy is still larger than weak lensing measurements. We
conclude that while promising, a dynamical EDE cannot resolve both H, and o3 tensions simultaneously.
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I. INTRODUCTION

The cosmological model with a cosmological constant
and cold dark matter dubbed “ACDM” has been the most
successful candidate to describe our Universe. It is con-
sistent with almost all cosmological observations, but
recently a few discrepancies between the model predictions
and direct measurements of a few observables have arisen.
Measurement of the expansion rate of the Universe is one of
the most discussed mismatches over the last decade. The
latest measurements of the cosmic microwave background
(CMB) by the Planck satellite when analyzed under the
ACDM model predict a value of the Hubble parameter H, =
67.36 £+ 0.54 km/s/Mpc [1]. Beyond Planck, data that are
calibrated using pre-recombination information, like baryon
acoustic oscillations (BAO) [2] and big bang nucleosynthe-
sis(BBN) [3] is consistent with the lower value of Hubble
parameter inferred from CMB. On the other hand, the
Supernovae HO for the equation of state (SHyES) team
has measured the value of the Hubble parameter H, =
73.04 + 1.04 km/s/Mpc by building a distance ladder to
supernovae of type la (SNla) [4-6]. Other local/direct
measurements are consistent with a higher value of the
Hubble parameter, although not at the same tension level as
SH,ES (see Ref. [7] for a review). With the increasing
precision of experiments and more and more data available,
this tension has gained in significance and as a result, drawn
more attention from the cosmology community [8—11].

There also exists a comparatively milder tension in the

measurement of local growth parametrized by Sg = 054/ g—";,
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where Q, is the total matter density fraction today and oy is
root mean square of matter fluctuations at the scale of
8 Mpc/h. The Planck 2018 CMB measurements using
ACDM model infers the value of S5 = 0.832 +0.013. On
the other hand, observations of galaxies through weak
lensing by CFHTLenS collaboration have indicated that
the ACDM model predicts a Sg value that is larger than the
direct measurement at the 2¢ level [12,13]. This tension has
gained in significance with various datasets such as the
KiDS/Viking data [14,15] and DES data [16,17]. Recently,
the combination of KiDS/Viking and SDSS data has
established 36 tension with Sg = 0.766700%, [18], although
the combination of KiDS and DES indicates a slightly lower
significance of the tension [19]. Other views on the Sg
tension can be found in [20-22].

No studies have found obvious systematic errors in the
data that could explain the H|, tension, so the possibility of
new physics has gained attention. It is becoming evident
from recent works [11,23] that the prerecombination era is
the most likely epoch to contain hidden new physics which
may solve the Hubble tension by reducing the CMB sound
horizon. Early dark energy, originally introduced in
Refs. [24-26], invokes a scalar field frozen until matter-
radiation equality that suddenly becomes dynamical and
dilutes faster than radiation. Although EDE can signifi-
cantly reduce the H tension, it suffers from a few major
challenges (see Refs. [27,28] for discussion). First, generic
to models that resolve the Hubble tension by changing the
prerecombination era, the EDE cosmology has a small-
scale power increase in the matter power spectra that tends

© 2024 American Physical Society
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to slightly worsen the Sg tension [29,30]. Second, the EDE
model suffers a problem of coincidence, whereby the EDE
must become dynamical at a special time, namely matter-
radiation equality, that raises questions of fine-tuning in the
model (see, e.g., Refs. [31-33] for studies in this context).
At the same time, at late time the existence of the present
dark energy is still a mystery and faces a similar challenge
of fine-tuning. Dynamical dark energy is one of the most
well-studied candidates as an alternative to cosmological
constant to explain the fine-tuning problem.

There already have been a few physical models where
early dark energy appears to be naturally present at matter
radiation equality [31,32,34]. In some physical models, one
can, in fact have a dynamical evolution for early dark
energy even prior to its fast dilution. For example, in
Ref. [31], authors discuss a model where a neutrinolike
particle is in interaction with a scalar field. Depending on
the shape of the potential of this scalar field, the equation of
state of EDE can change, and it is shown that for a ¢?
potential, the initial equation of state is w; = —%.

In this paper, motivated by this idea, we explore whether
a dynamical EDE model may be preferred over a purely
frozen (i.e., cosmological constantlike) behavior. If EDE is
also dynamical, one might get a hint that perhaps “Nature”
has the same mechanism of turning on dark energy at
different epochs of the universe—whether it be inflation or
EDE, or present DE. Interestingly, we indeed find that up-
to-date cosmological datasets may indeed prefer an equa-
tion of state w; # —1. The plan of the paper is as follows: In
Sec. II, we present our phenomenological modeling of the
EDE component at the background and perturbations level.
We discuss the impact of the initial equation of state (before
the fluid dilutes) on observables in Sec. III. In Sec. IVA, we
present our main analysis setup and methodology, while
our results are discussed in Sec. V. We finally conclude
in Sec. VL.

II. BACKGROUND AND
PERTURBATION EQUATIONS

We consider a homogeneous isotropic and flat universe
described by the Friedmann-Lemaitre-Robertson-Walker
(FLRW) metric and filled with the usual species that
compose the ACDM model (photons, baryons, neutrinos,
cold dark matter, and dark energy). To implement EDE, we
consider an extra component in the form of a generalized
fluid description, which requires us to specify its equation
of state w, sound speed c2, and eventually, its anisotropic
stress, which we take to be zero as valid for a scalar field
(see Ref. [35] for a discussion about the role of anisotropic
stress with EDE). The equation of state is parametrized as
follows:

Wf - Ww;
1+ (%)3><(wf—w;)]

WgDE(@) = - Wi 1
(a) [ (1)

where w; and w/ are the initial and final equations of state
parameters, respectively, and a, is the scale factor at the
time of transition. This equation of state is a version of
Eq. (1) in Ref. [25], adding a free parameter w; instead of
fixing it to w; = —1. In addition, the parameter p of Eq. (1)
in Ref. [25] controls the sharpness of the transition.
However, it has a strong degeneracy with the other EoS
parameters (w;, wy), and we therefore keep it fixed to p = 1
to reduce the dimension of the parameter space. We have
checked that this choice does not affect our results.

The background energy density of the early dark energy
component evolves as follows

pepe(@) = pepe(1) X exp (3 [u(l +WEDE(a))d‘1>- (2)

To describe perturbations in the fluid, we use the gener-
alized dark matter formalism [36]. The perturbation equa-
tions (Euler and continuity) in the synchronous gauge are
given by:

d OEDE
C 2P ) — (O + A) = 3H (2 — ¢
dn (1 v (OgpE + 1) (c5 —ca)
OEDE OpE
—— +3H— ), 3

x <1 +WEDE * k2 ( a)
4 (Grpe) = —H(1 = 3¢5 )0ppg + 3k e (3b)
d}’] $ s 1 + WEDE

Here 6gpg is the density perturbation and Ogpg is the
velocity divergence of the EDE fluid. The sound speed of
the EDE fluid relates the density and pressure perturbations
as ¢z = %, k is the comoving wave number, H the
conformal Hubble parameter, c2 is the adiabatic sound
speed defined as

e, Ldve/ding
31 + WEDE

(4)

P
Using equation (1), we find that

5 w, a<a,,
“Aws a>a,.

The sound speed ¢2 is set as follows

, 1 a<ag,
cy =
W a >=d,,

but we find that the results are not strongly sensitive to the
way in which we parametrize ¢, when we impose ¢ = wy
in the decaying phase.

To find the initial conditions, we assume that the system
starts in the radiation-dominated era, so H = % If the
energy density of early dark energy at early times is
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negligible, the solution for the metric perturbation 2 will
not change and is given by h = @ For super—Hubble

mode kn < 1, Egs. (3a) and (3b) reduced to

i(ﬂ) —@_31(62_62)( OEDE +319EDE)
dn \1+wgpg 2 n ' Y \l4wgpp K
d 1 6
—(Ogpe) = ——(1—=3¢2)0ppg + k> —2F
dﬂ( EDE) 7l< )OepE [pEa—

These can be solved through an expansion in power of
(kn)?, and we get the initial condition

SEDE __ (4-3c7)/2
1 +WEDE 8+6C% - 126‘3

(kn)?, (5)

c2/2
Oppg = ————————— k(kn)>. 6
EDE 8 + 62 — 1202 (kn) (6)
These equations and the initial conditions have been
implemented in a modified version of the Boltzmann code
CcLASS [37,38].

III. EFFECT OF CHANGING THE INITIAL
EQUATION OF STATE w;

A. Impact on the background
and perturbation dynamics

The effect of varying w; for a set of values w; = —1,-0.8,
dwepg(a)

—0.6,—0.4 on wgpg(a) and =22 is illustrated on Fig. 1.

Impact of w; on EDE background evolution: First, let us
investigate the effect on the evolution of the EDE back-
ground energy density. This is shown in Fig. 2. One can
clearly notice that when we increase w;, the energy density
spreads over time. The transition is smoother, the EDE
component stays longer, and the EDE component starts
influencing the expansion rate from earlier redshift. That
results in a smaller value of sound horizon and a large value
of the Hubble parameter today.

(b) 10000
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(a) Effect of varying w; on the equation of state. (b) Effect of varying w; on the slope.

We now turn to describing the effect of w; on perturba-
tions of early dark energy as well as how it affects the
matter component.

Impact of w; on EDE density perturbations: In Fig. 3, we
plot the effect of varying w; on EDE density fluctuations for
k=0.01, 0.06, 0.3 Mpc‘l, i.e., modes that enter the
horizon after, around and before a,. respectively. We
also show horizon crossing for each mode defined as
kz(a;) =2z and the value of a. as red and green dotted
vertical lines respectively. The equation which governs
EDE perturbations can be obtained by reducing Egs. (3a)
and (3b) to a second-order differential equation,

d? 1) 13}
— ( EDE ) + kZC? EDE
di’] 1 + WEDE 1 + WEDE

0.06
0.05
0.04
of < 0.03
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0.01

0.00
107°

| " M|
104 1073
scale factor a

1072

FIG. 2. Effect of varying w; on the evolution of EDE density
fraction.
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This equation is that of a damped simple harmonic
oscillator. The solution will be oscillatory, either decreasing
or increasing in amplitude, depending on the damping
terms sign. The frequency of oscillations depends on k*c2,
and The term 1 —3c¢2 can be either negative or positive,
acting either as a driving force of a friction term (assuming
w; < —3)

L 3se2 1-3%w; >0
—_ * —
ca 1=3%xw, <0 a>a,.

a<a,

The effect of w; on the growth of the EDE density
fluctuations for different & modes can be understood as
follows:

(i) For modes which enter the horizon well before a.,
ie.. for ay < a,.: Before horizon crossing, the
growth of Ogpg is given by the initial condition
[Eq. (5)], which shows that it grows like (kz)? and
proportionally to 1 4 wgpg. Consequently, models

a

(i)

(iii)
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Effect of varying w; on the evolution of EDE perturbations for three modes k = 0.01, 0.06, 0.3 Mpc~!.

with larger w; grow faster, as is particularly visible for
the mode with k = 0.3 Mpc‘l, which crosses the
horizon earlier. In the region q; < a < a,, the equa-
tion of state is w; < 0. The solution of Ogpg is
oscillatory but decreasing in amplitude [see
Eq. (8)]. At the time of a., high w; models have a
higher amplitude. Finally, in the region a > a., the
solution remains oscillatory, but the damping factor
switches sign, acting as a driving force and leading to
oscillations whose amplitude is larger for modes that
had alarger amplitude at a,., i.e., modes with larger w;.
For modes which enter the horizon well after a,, i.e.,
that verifies a; > a.: In that case, all modes have
a similar evolution since they are frozen (i.e.,
(kr)? < 1) when the fields become dynamical.
Around horizon crossing, all modes grow propor-
tional to 1 + weq. as given by [Eq. (5)] while after
horizon crossing, they oscillate with increasing
amplitude as larger modes do.

For modes which enter the horizon around a,, i.e.
ay ~ a.: Before and around horizon crossing, the
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growth of Sgpg is still given by the ir{itial.condit%on ®— 3 <Z’ ) <2 54 Z +w, { / )0; i 34 })
a

[Eq. (5)], and modes oscillate with increasing 442

amplitude after horizon crossing. However, wgpg

evolves in time as the modes enter the horizon and (8)
can even become positive around a;. This gives a

nontrivial time-evolution to the damplng term, such We show in Flg 4 the effect of w; on the evolution of the

that modes with larger amplitude at a; now have a ~ Weyl potential for different k¥ modes (identical to the
smaller amplitude of oscillations at a > a;,. For  previous figure), normalized to the standard ACDM case.

instance, the model with w; = —0.4, shows a much The impact on the Weyl potential can be explained through
lower amplitude of oscillations than the model with 2 gombination of -background and perturbation effects,
w; = —0.99 at this scale, while it shows a much ~ Which have been discussed above.

(1) At a> a., the Weyl potential is suppressed due to
the presence of EDE, which contributes to the
Hubble rate but does not cluster. For modes that
are within the horizon before a., the larger w;, the
longer the EDE phase lasts, and the more the Weyl
potential is suppressed. For modes entering the
horizon much later, the suppression is identical since
the modes are mostly sensitive to EDE after a,,
when all models are identical.

larger oscillation amplitude at larger k. We stress that
this is a specific consequence of our choice of
parametrization of wgpg(a), rather than the effect
of w; per se.

Impact on the Weyl potential evolution: To understand
the impact of w; on the CMB power spectra, it is instructive
to plot the combination of —(¥ + @) known as Weyl
potential and determined as [28]

k = 0.01Mpc~!
0.00
=
+
= -0.02
4
1074
0.00
=
+ —0.02
=
< _0.04
1074
0.00
=
+ —0.02
= :
<1 —0.04} :
_006 :IIIIII | | 1 1 | | || | | | 1 | 1 | |
1074 1073 1072
a

FIG. 4. Effect of varying w; on the evolution of Weyl potential. We show the difference with respect to the ACDM model with identical
cosmological parameters.
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(i) At a~a,., there are visible residual oscillations
(decaying in amplitude) that are due to EDE per-
turbations. The frequency of oscillations is larger for
larger £ modes, as the EDE oscillations have a
frequency set by (kc,)2. For modes that are within
the horizon before a, (k = 0.3 Mpc™'), the larger
w;, the larger the amplitude of dgpg and therefore the
larger the contribution to the Weyl potential around
a.. For the mode entering the horizon around a.
(k = 0.06 Mpc~!), one can note again the nontrivial
behavior, where the model with smaller w; shows a
larger first oscillation. This is due to the fact that w
has evolved in time, affecting the damping term, as
discussed previously. For the modes that enter the
horizon very late (k= 0.001 Mpc~!), the EDE
perturbations are essentially zero, and the Weyl
potential is suppressed around a,. due to the presence
of a nonclustering EDE, with minute differences due
to slightly different time evolution in wgpg.

B. Impact of w; on the CMB
and matter power spectra

In Fig. 5 left panel, we plot residuals of the CMB
temperature anisotropy power spectra (TT) when varying
w; and keeping other parameters fixed, taking ACDM as
reference. The main effect of EDE is described in detail in
Ref. [28]. Here we focus on describing the impact of
varying w;. The main visible impact of w; on the CMB TT
power spectra comes through the following contributions

(i) Diffusion damping: When we increase w;, the effect

of EDE on the background expansion is increased.
Because we keep 6, fixed, and the impacts of EDE
on the sound horizon and on the damping scales are
different, the adjustment of the angular diameter
distance D4 by the increase in H|, cannot simulta-
neously keep the angular diffusion damping scale
0, = [)—‘; unaffected. As aresult, 8, increases, leading

10‘*3 10‘*2 10‘*1 109
k [h/Mpc]

Effect of varying w; on CMB TT power spectra (left panel) and matter power spectra (right panel).

to a suppression of CMB TT power spectra at high ¢
that is larger for larger w;.

(i1) Sachs-Wolf contribution: As a result of the changes
to the Weyl potential due to increasing w; (and the
longer lasting EDE phase), the Sachs-Wolf contri-
bution is significantly affected around £ ~ 500. The
larger w;, the larger the contribution in the Sachs-
Wolf effect at intermediate £’s, boosting the first
acoustic peak amplitudes.

Next, in Fig. 5 right panel, we show the effect of
increasing w; on the total matter power spectra. When
we increase, w; the matter power at smaller scales is
suppressed compared to w; = —1 case, due to the longer
period of EDE (that suppresses the Weyl potential). As a
result, we get a lower oy for larger w;, showing that letting
w; free to vary may help in alleviating the tension with
weak lensing surveys. The increase of power at larger
scales is due to the fact that w, = 1 — €, is smaller in
models with larger w;, as a by product of the larger & value
that has increased Q,, = w,h’ at fix w,,.

IV. DETAILS OF THE ANALYSIS

A. Datasets

We use a combination of CMB and BAO datasets along
with SHyES and KIDS priors. The details of our datasets
are as follows:

(i) Planck 2018 measurements of the low-£ CMB
TT, EE, and high-¢ TT, TE, EE power spectra,
together with the gravitational lensing potential
reconstruction [39].

(ii)) The BAO measurements from 6dFGS at z =
0.106 [40], SDSS DR7 at z =0.15 [41], BOSS
DR12 at z =0.38, 0.51 and 0.61 [42], and the
joint constraints from eBOSS DR14 Ly-a auto-
correlation at z = 2.34 [43] and cross-correlation
at z = 2.35 [44].

043530-6



EARLY DARK ENERGY BEYOND SLOW-ROLL: IMPLICATIONS ...

PHYS. REV. D 109, 043530 (2024)

TABLE 1. The mean (best-fit) 10 error of the cosmological parameters reconstructed from the lensing-marginalized Planck +
BAO + SNla data with HO prior.

Parameters |, ACDM 2 param EDE 3 param EDE 4 param EDE

100 6, 1.042066(1.04198) 50005 1.04158(1.04159) 0005 1.04160(1.04156) 000 1.04124(1.04094) 50008,
100 @, 2.253(2.249)1 5013 2.284(2.283)100%2 2.283(2.278)1 5032 2.285(2.271) 005
Ocdm 0.1184(0.1183) 5 000es 0.1258(0.1247) 100037 0.1274(0.1267) 50005 0.128(0.1326) 004t
log 10104, 3.054(3.056) 5012 3.063(3.067)7 9013 3.065(3.072)19013 3.063(3.066) 5013

ng 0.9697(0.9701) 3007 0.9803(0.9819) 105562 0.9841(0.9849) F006¢ 0.983(0.9922) 05578
Treio 0.0602(0.0617) 0005 0.0569(0.0600) 13607 0.0573(0.0616) 10 007 0.0578(0.0554) F3:%071
fepE 0.112(0.105) 507 0.118(0.121) 004 0.112(0.160) 503
logyo(z.) 3.53(3.51)7% 3.67(3.61)75%! 3.82(3.81)1023

Wi - e —0.651(—0.783) 1986
Wy 0.74(0.79)53 0.61(0.60) 15

o3 0.8097(0.8108) *J00¢, 0.831(0.8305) 0011 0.834(0.836) 7001 0.830(0.841) 5012
H, (km/s/Mpc) 68.18(68.12) 03] 70.03(70.09) o1 70.46(70.52)7 5, 70.68(71.59)"7
o 3826.58 3816.46 3814.53 3812.16

Artin 0 -10.12 -12.05 -14.5

(iii) The measurements of the growth function fog(z)
(FS) from the CMASS and LOWZ galaxy samples
of BOSS DR12 at z = 0.38, 0.51, and 0.61 [42].

(iv) The Pantheon SNIa catalogue, spanning redshifts
0.01 <z <23 [45]. We anticipate that the new
Pantheon+ [46] would not significantly affect our
conclusions.

(v) The SH(ES result, modeled with a Gaussian
likelihood centered on Hy, =732+ 1.3 km/s/
Mpc [4]; however, choosing a different value that
combines various direct measurements, or the up-
dated value from [6] would not significantly affect
our conclusions.

(vi) The KIDS1000 + BOSS + 2dfLLenS weak lensing
data, compressed as a split-normal likelihood on the
parameter Sg = 0.766" 007, [18]. We note that there
are additional measurements from DES [17] and the
combination of KiDS and DES [19] that show lower
tension with Planck under ACDM, but we choose
this value as a representative example. Choosing a
different prior would not drastically change our
conclusions.

B. Methodology

Our baseline cosmology consists of the following
combination of the six ACDM parameters {@;,, ®cqm, 100 X
0,,n,,1n(10'°A,), 7,¢io }, plus four EDE parameters as dis-
cussed in Sec. II, namely w;, wy, z., fepg. We run MCMC
analyses of the EDE model against various combinations of
the CMB, BAO, and supernovae datasets (details of which
are given in Sec. IVA) with the Metropolis-Hasting
algorithm as implemented in the MontePython-v3 [47]
code interfaced with our modified version of CLASS. All

reported y2. are obtained with the python package
IMINUIT' [48]. We make use of a Choleski decomposition
to better handle a large number of nuisance parameters [49]
and consider chains to be converged with the Gelman-
Rubin convergence criterion R — 1 < 0.05 [50].

We perform analyses of three different variations of the
EDE model: (i) a two-parameter fluid model of EDE
varying only (fgpg,z.) while fixing the equation of state
parameters as (w; = —1,w; = 1), that we dub 2 pEDE;
(i) a three-parameter (w,fgpg,2.) model dubbed 3pEDE;
(iii) a four-parameter (w;,wy,fgpg.z.) dubbed 4pEDE. For
each model, we perform three sets of runs, starting from the
baseline Planck + BAO + Pantheon, then adding the
SH(ES prior, and finally the Sg prior. We also perform
the same sets of runs with ACDM for comparison purposes.
We set large flat prior for all ACDM parameters. Prior
ranges for Early dark energy parameters are imposed
as table:

Parameter name Prior range

w; [_17 O]
wy [0, 1]
SEDE [0, 0.3]
logo(z.) (2, 5]

Note that we let w; be greater than —1/3, such that EDE
does not formally refer to a DE like component in some
part of the parameter space. Nevertheless, there is nothing
that becomes mathematically ill defined in the equations.

"https://iminuit.readthedocs.io/.
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FIG. 6. Posterior distributions in the ACDM and EDE models reconstructed from Planck + BAO + Pantheon + H,.

We explore the w; > 0 part of the parameter space in
Appendix A.

V. RESULTS

A. Results including the SHyES prior

We start by comparing the ability of the different models
to resolve the Hubble tension and therefore focus on the
Planck + BAO + Pantheon + SH(ES analyses. The recon-
structed mean and best-fit values of parameters are given in
Table I. We provide )(fm-n for ACDM vs 2pEDE vs 3pEDE
vs 4pEDE model in Appendix B in Table IV (without

SH,ES) and Table V (with SH,ES). We plot the 1D and 2D
posterior distribution of the EDE parameters as well as H,,
and Sy in Fig. 6 for ACDM compared to the three different
EDE models.

From the results, it is evident that the value of the
Hubble parameter is higher in the case of the 4pEDE
model (H, = 70.68f11.'12) compared to the 3pEDE model
(Hy = 70.46%03,) and 2pEDE model (H, = 70.0310%:). In
fact, the overall 2, is also improved by 2.4 in the 4pEDE
model compared to the 3pEDE model, which is a slightly
larger improvement in y* than when going from 2pEDE
to 3pEDE. However, the value of w; is only weakly
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TABLE II. The mean (best-fit) 1o error of the cosmological parameters reconstructed from Planck + BAO +
SNla data with Hj + Sg priors.

Parameters |, ACDM 3 param EDE 4 param EDE
1006, 1.04210(1.04214) 5 00058 1.04185(1.04178) X0 000 1.04143(1.04163) 700007
100 @, 2.258(2.268) 5013 2.277(2.271) 1505, 2.281(2.271) 005
Dcdm 0.1177(0.1179) 1300085 0.1227(0.1225) 30022 0.1238(0.1228) 70005+
log 10104, 3.048(3.037)1 5014 3.053(3.050) 0012 3.053(3.044) 9012

n, 0.9708(0.9712)+0.003¢

_ 0.0580(0.0520) %0997
fEDE

logyo(z.)

Wi

Wy

oy 0.8051(0.8015) 090"
Hy (km/s/Mpc) 68.48(68.50) 035
2 3832.41

A)(?nin 0

0.9797(0.9814)f§_’§§7:§
0.0562(0.0544) 105072
0.069(0.068)%81'(2286
3.79(3.72) 1014

0.9795(0.9802) £3007
0.0569(0.0526) 30071
0.075(0.054) 504
3.89(4.02)" 933
Unconstrained (—0.34)

Unconstrained(0.65) 0.58(0.45)" 516
0.817(0.817) 091, 0.8161(0.8109) 7 00%e
69.94(69.92) 02 70.25(69.93)"}

3823.99 3823.79
—8.42 ~8.62

constrained, with only an upper limit at 16 of w; < —0.565,
but compatible with 0 at 26. In Appendix A, we find that
the only hard limit on w; is w; < 1/3, from the requirement
that EDE does not dominate the energy density at
early times.

Most importantly, while the value of Hy, is slightly larger,
the value of oy has slightly decreased, by ~0.4c. This
indicates that w; may indeed play a role in the Sy tension,
and we now turn to include Sg measurements in the
analysis.

B. Results including the Sg prior

The mean and best-fit values of various parameters are
reported in Table II and we plot the same parameters as
before in Fig. 7. All y2. numbers are provided in Table VL.

The main impact of adding the Sg prior is to reduce the
preference for nonzero EDE and decrease the value of H|,
while pulling 65 down. The Ay? with respect to ACDM is
also significantly decreased compared to the case without
Sg prior. In addition, the 4 pEDE model fit is only
marginally better than the 3p EDE model, and w; is now
unconstrained. We conclude that, even though the addition
of w; does slightly decrease the Sg parameter, it cannot help
in resolving both H and Sy tension simultaneously in the
EDE model.

VI. CONCLUSIONS

We have explored the cosmological implications of early
dark energy beyond slow roll (e.g., non-cc equation of
state), by changing the initial equation of state w;, usually
set to —1. Our main findings are as follows:

(i) When one increases w; at fix fgpg and z., EDE
contributes for a longer time to the expansion rate
prior to recombination, resulting in a smaller sound
horizon of the CMB and hence a larger H,.

(i) The background effect leads to a suppression of the

Weyl potential due to the larger contribution of

nonclustering EDE to the total energy density. This

results in a comparatively lower power at small
scales and hence a smaller og. We also find that there
are additional perturbative effects due to w; for

modes that enter the horizon before or around z,,

although the effects on observables are small com-

pared to the main background effect.

We have confronted three variants of the EDE

model to the combination of Planckl8 4+ BAO +

Pantheon + SH(ES: a two-parameter EDE model

with w; and wy fixed, a three-parameter EDE

model with w, freed, and the four-parameter EDE
model with both w; and w free. We have found that

the overall y2. is improved by —2.4 at the expense of
one more parameter w; compared to the 3-parameters
model, and by —4.4 compared to the 2-parameters
one. However, w; is not detected in this analysis,
and we only derive a weak upper limit at
lo, w; < —0.565.
Interestingly, the model with w; free has a slightly
larger H, and a value of Sg decreased by ~0.4c.
However, the inclusion of Sg data reduces the
preference for nonzero EDE, with a degradation
in the y2. .

Although the results derived in this work indicate that a
non-cc EDE cannot resolve both H, and Sg tensions
simultaneously, we hope that it will trigger further work

(iif)

@iv)
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FIG. 7. Same as Fig. 6, now also include the Sg prior.

toward mitigating the increase of small-scale power that is
induced in the EDE cosmology. In fact, this is a require-
ment not only of EDE, but generally of the fact that a larger
H, (as measured by SHyES) and a well-constrained Q,, (as
measured by Pantheon and BAO data) must imply a larger
w,, = Q,,h?, and therefore earlier matter domination and
larger og. Models of EDE in that sense already manage to
compensate for the effect of the larger H, and the larger w,,
to adjust CMB data but do not sufficiently reduce the
growth of structures. It therefore remains to explore how
one may further build upon these results, within an EDE
cosmology [51] or others [52,53], to finally resolve cosmic
tensions simultaneously.
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APPENDIX A: EFFECT OF
CHANGING PRIOR ON w;

In the main text, we have examined the possibility of
changing the initial equation of state parameter w; € [—1, 0].
Now let us examine the case beyond dark energy, with
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FIG. 8. Effect of changing prior on w;.

w; € [-0.33, 1]. The rest of the parameters are varied as in
the main body of the paper. Our main results are shown in
Fig. 8, which compare the results of w; € [-0.33, 1] with
the regular prior given in the main text, when Planck +
BAO + Pantheon + H, + Sg data are used. We also pro-
vide in Table III the parameters reconstructed either when
including only the H, prior or both the H, and Sy priors.

First, the posterior of w; has a strict upper bound around
0.3, which simply comes from the fact that a fluid with larger
w; would come to dominate the expansion rate at early times

and spoil the fit to data. Second, one can see that the posterior
of Sg exactly matches with ACDM, while H|, is significantly
larger. In other words, an “EDE” model with w; > —0.33
can perform as good as regular EDE in resolving the tension
without worsening the Sg tension. In terms of > number, the
model of EDE with w; € [—1, 0] performs slightly better (by
—1.2) when the H,, prior is left out of the analysis. However,
the model with w; € [-1/3,0] performs better when Sy is
included, as the EDE contribution lasts even longer, further
reducing the growth of the structure.
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APPENDIX B: TABLES OF 2

TABLE III. The mean (best-fit) =16 error of the cosmological parameters reconstructed from Planck + BAO +
SN1la data with HO and Sg when w; € [-0.333, 1].

Parameters |, H, prior Hy + Sy prior
100 6, 1.04143(1.04036) 0.1 1.04108(1.04026) 0 e
100 w, 2.278(2.285) 0%, 2.279(2.272) 5003
Dedm 0.126(0.1298) 700042 0.1233(1.268) 0 0s
log 1014, 3.059(3.060) 70012 3.051(3.062) "0 01¢
", 0.979(0.9826) 0007, 0.977(0.9810) 10 505
Trcio 0.0590(0.0576) 00073 0.0577(0.0605) 0%
SfEpE 0.081(0.120) 10041 0.065(0.094) 038
logyo(zc) 4.11(3.96) 7012 4.134(4.038) 103!
w; <0.33(=0.20) < 0.33(0.0978)
Wy 0.461(0.483)0082 0.486(0.409) 1075
oy 0.8195(0.8252) 100085 0.8109(0.8172) 0 50as
H, (km/s/Mpc) 70.23(70.97)* 1 70.08(70.78) %
2 3813.32 3822.69

A ~13.26 —9.72

TABLE IV. Best-fit ¥> per experiment (and total) when no prior was included.

Experiments/Data ACDM 2-param EDE 3-param EDE 4-param EDE
Planck high-# TT,TE,EE 2347.90 2348.99 2346.49 2346.95
Planck low—¢ EE 396.60 396.03 396.65 396.63
Planck low—# TT 22.97 2222 21.89 22.19
Planck lensing 8.76 9.016 9.04 9.16
Pantheon 1025.92 1025.99 1025.81 1026.02
BAO FS BOSS DR12 6.61 7.23 6.68 7.38
BAO BOSS low—z 1.19 1.10 1.30 1.06
Total 3809.99 3810.59 3807.90 3809.44

TABLE V. Best-fit y* per experiment (and total) when the SH,ES prior is included.

Experiments/Data ACDM  2-param EDE 3-param EDE 4-param EDE 4-param w; € [-0.333, 1]
Planck high—Z TT,TE.EE 2348.49 2349.17 2347.96 2349.86 2349.51

Planck low—¢ EE 397.97 397.16 397.77 396.09 396.63

Planck low—¢ TT 22.67 21.57 21.33 20.69 21.37

Planck lensing 8.95 8.96 9.16 9.81 9.24
Pantheon 1025.69 1025.64 1025.64 1025.70 1025.68

BAO FS BOSS DR12 5.93 6.42 6.61 6.99 6.42

BAO BOSS low—z 1.61 1.82 1.79 1.47 1.51

SHyES 15.23 5.68 4.23 1.52 2.92

Total 3826.58 3816.46 3814.53 3812.16 3813.32

043530-12



EARLY DARK ENERGY BEYOND SLOW-ROLL: IMPLICATIONS ...

PHYS. REV. D 109, 043530 (2024)

TABLE VI. Best-fit > per experiment (and total) when SH,ES + Sg prior is included.
Experiments/Data ACDM 3-param EDE 4-param EDE 4-param w; € [—0.333, 1]
Planck high—-# TT,TE,EE 2353.87 2350.49 2351.38 2350.96
Planck low—¢ EE 395.68 395.89 395.75 397.42
Planck low—¢ TT 22.30 21.29 21.32 21.56
Planck lensing 10.63 10.02 10.46 9.40
Pantheon 1025.63 1025.62 1025.63 1025.62
BAO FS BOSS DR12 5.87 6.29 6.10 6.14
BAO BOSS low—z 1.92 2.154 2.069 1.90
SH,ES 13.06 6.36 6.29 3.40
S (KIDS1000) 3.41 5.84 4.74 6.25
Total 3832.41 3823.99 3823.79 3822.69
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