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Among the models addressing the Hubble tension, those introducing a dynamical dark component
around recombination have been the most promising thus far. Their study has highlighted that, in fact,
cosmic microwave background (CMB) and baryon acoustic oscillation observations can allow for such
components before and near recombination. The new dynamical degree of freedom can be early dark
energy (EDE) or early modified gravity depending on its coupling to gravity. We study a new model,
GEDE, featuring the cubic Galileon operator X[ ¢ and test it against the most recent Planck public release 4
CMB and Cepheid calibrated Pantheon+ type Ia supernovae data. Thanks to the kinetic braiding effects,
GEDE gives a better fit to the data, with a higher H, and is preferred over the canonical EDE with a Bayes
factor In B = 0.9, despite introducing one more parameter. This calls for further explorations of modified
gravity near and before last scattering. To facilitate these, we introduce a substantial extension of the
cosmological code EFTCAMB that allows one to fully evolve the background and linear dynamics of any
covariant theory, oscillatory or not, belonging to the Horndeski class.

DOI: 10.1103/PhysRevD.111.023502

I. INTRODUCTION

At the core of modern cosmology lies the Hubble constant
H,, which sets the size and expansion rate of our current
Universe. In the past century tremendous effort has been
devoted to measuring this value, both locally or through a
cosmological model. The most precise constraint on H is
derived from the cosmic microwave background (CMB)
anisotropy observations assuming the standard cosmological
constant (A) cold dark matter (CDM) model. The latest
Planck public release 4 (PR4) data report Hy = 67.81 &+
0.38 km/s/Mpc~! [1]. On the other hand, local observations
can also measure H by, e.g., calibrating the distance ladder,
with the most precise one being the Cepheid calibrated
type la supernovae from the SHOES Collaboration, giving
Hy = 73.04 4 1.04 km/s/Mpc~' [2].

The now 5o discrepancy, usually referred to as the
“Hubble tension,” between the local and early Universe
determination of H,, has triggered extensive discussions
about the possible underlying new physics, see, e.g., [3-5]
for recent reviews. Among the plethora of possibilities
explored, one of the most promising and extensively
studied is the proposal of an additional dark energy
component around matter-radiation equality, often dubbed
early dark energy (EDE) [6-21]; see also [22] for a recent
review. Stringent constraints on EDE can be derived from
large scale structure (LSS) observations [23—-30], CMB data
from Planck PR4, and ground-based observations [31-39].
Despite these constraints, there remains room for a new
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dynamical degree of freedom (d.o.f.) at high redshifts, and
this is commonly referred to as EDE or early modified
gravity (EMG), depending on how it is coupled to gravity.
Modifications of the effective Newtonian constant G
have been considered as EMG candidates, both with
dynamical [40—43] and parametrical [44—46] approaches.

The generalized Galileons theory [47] offers a natural,
unifying framework to explore EDE/EMG models. The
corresponding Lagrangian describes theories with second
order equations of motion (EOM), in a four-dimensional
spacetime, for the usual massless graviton plus one addi-
tional scalar d.o.f. As shown in [48], this action is
equivalent to that of Horndeski gravity [49]. As a first
step into our exploration of EDE/EMG, we will restrict to
the subclass of covariant Galileons, identified in [50] as a
first generalization of the work of [51] to an expanding
background. In particular, we consider the model defined
by the following Lagrangian:

M2
L=—=FR+X-V(¢) - X0, (1)
where V(¢) is the scalar field potential, X = —1(d¢)?,

and 0= ¢*V,V,. The noncanonical dynamics is only
characterized by the free parameter £ multiplying the
Galileon operator, X[¢. In particular, the presence of
the scalar potential V(¢) breaks Galileon symmetry
and makes ¢ massive. It has been pointed out that theories
with exact Galileon symmetry might not have healthy UV
completion by positivity argument [52]. Massive Galileon
theories avoids such issue and might also naturally embed
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into ghost-free massive gravity theories [53,54]. The
Lagrangian (1) corresponds to luminal gravitational waves,
¢2 =1, and a minimally coupled scalar sector, with the
only nontrivial modified gravity (MG) effect coming from
the kinetic braiding introduced by the last term. Kinetic
braiding theories are the majority of Horndeski gravity
models that survive the no-ghost and gradient stability
conditions as well as positivity bounds [55]; the latter
encode the fundamental requirement of causality, unitarity,
and Lorentz invariance of the UV complete theory, how-
ever, it is important to note that at the moment they heavily
rely on an extrapolation of results from the Minkowski to
the cosmological background [55].

The shift symmetric case of (1) has been ruled out as a
dark energy (DE) candidate by a combination of cosmo-
logical observations [56-58]. However, this conclusion
assumes shift symmetry and that the Galileon field either
sits on or approaches its tracking solution when DE
becomes non-negligible, which does not apply to (1) with
a scalar potential. In the non-shift-symmetric case such
as (1), the Galileon operator still offers important MG
effect (1) through the kinetic braiding without suffering
from stringent constraints. Furthermore, as we will show,
with a potential V(¢) to drive the field evolution, and the
expansion of the Universe dominated by radiation and
matter, Galileons can be revived as an EDE/EMG theory
(GEDE) which is favored at ~2¢ over the EDE model based
on a canonical scalar field [i.e., setting £ = 0 in Eq. (1)],
hereafter cEDE.

The paper is structured as follows. In Sec. II we present
the background and linear perturbation dynamics of GEDE.
The numerical setup and the data used are outlined in
Sec. III and the cosmological constraints are presented in
Sec. IV. Finally, we conclude in Sec. V.

II. THE MODEL

The covariant EOM for the scalar field in the GEDE
model is

- D¢ + 5 (D¢)2 - Vﬂvy¢VﬂvV¢ - Rﬂyvﬂ¢vu¢

On a Friedmann-Robertson-Walker background ds®> =
—dt®> + a*(t)|dx|?, the Einstein equation gives the follow-
ing Friedmann equations:

1, ;
BMLH? = pyy + 55 + V(do) + 3EH,

2M2H = —(py + p + B3 + 3EHF — EB3do). (3)

and the scalar field EOM reduces to

do + 3Hd, {1 +§<2¢30 + (3 +%)Hd}0>} +V,=0,
(4)

where the overdot denotes derivation with respect to cosmic
time 7, and the subscript 0 denotes background quantities.
Similar to cEDE, in GEDE initially the field is frozen
at ¢p = ¢, on the potential well by Hubble friction when
mg; ~ V(@) < H>. At some point H drops below my;
so the field thaws and rolls down the potential and finally
oscillates around the potential minima, rapidly redshifting
away its energy density. During the entire process, the
Galileon operator, controlled by & modulates both the
background and perturbation evolution though its MG
effect. Figure 1 depicts the frozen and thawing stage of
the dynamical picture.

The time direction flows from left to right for the
trajectories plotted in Fig. 1. The initial frozen stage is
an attractor and characterized by ¢/HM » < 1, where the
field displacement in one Hubble time is very small. Thus,
we can set Vi~V ~const in Eq. (4) to obtain the
approximate tracking solution

-1+ \/1 —%@VW)

H(i)o ~ 6z

~ const, (5)

where we have chosen the branch that reduces to a
canonical scalar field He¢y~—V,;/(3 — H/H?) when
& — 0. For compact notation, we will drop the subscript
i and simply write £V, hereafter. This tracking behavior is
also evident in Fig. 1 where £H¢) remains approximately
constant up to the energy peak of the scalar field. Specially,
in radiation dominance one has H/H? = —2, one will need
&V, < 5/12 for the square root in Eq. (5) to be well
defined, i.e., the existence of a stable tracking background.

At the linear perturbation level, the dynamics of GEDE
can be characterized by the effective functions [59]

i2 6 H'3
aK:%EﬂmeaB),
p
= = (66Hdoo)f x. 6
ap HM% ( 0) X ( )

where we have defined fx = Xo/(3M3H?) as the energy

fraction of the canonical kinetic term X, = ¢(2) /2.
Compared with cEDE, kinetic braiding is the only MG
effect in GEDE, while running of effective Planck mass
(ay;) and modification of tensor speed (ay) are absent
in both models. Using the tracking solution (5) and
Friedmann equation (3), one can derive the approximate
sound speed
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FIG. 1. Phase space trajectories of the scalar field in the 3D space spanned by the dimensionless field velocity ¢/ HM p» the potential
energy fraction V/ 3M%,H2, and the Galileon parameter EH¢h. Curves with different colors correspond to different initial conditions,
which all converge into the tracking solution. The plot is generated in a GEDE model with a quartic potential and {V , = —1.3.

s L+ (4= 2H/H)EHy — 3(EHG) S x

~ . - 7
“ 1+ 6£Hgy + 9(EHdo)*fx )

In the initial tracking stage, gradient stability (c? > 0)
requires £V, <5/8 or &V, >5/6. Ghost stability
(ax +3a%/2 > 0) yields &Vy < 5/6. Combining these
conditions with the existence of the background tracking
solution (5) we arrive at the necessary stability condition

&Vy < 15—2 (8)

The modified gravity effect is evident only when the
scalar field thaws and contributes nontrivially to the total
energy budget with ag p « fx in Eq. (6). In particular,
ap = 6EHpofx ~ =&V fx has the opposite sign as V.
At the background level, braiding enters the Hubble
equation (3) as

1.
3M%,(1 - (XB)HZ = Pm + Egb(% + V(¢0>7 (9)

thus having £V <0 (so ag > 0) in GEDE can further
increase the Hubble parameter compared with a cEDE

model with the same ¢ (1), ¢y (¢), meaning smaller sound
horizon and enhanced ability to mitigate the Hubble
tension. Within the scalar field sound horizon, perturba-
tions are generally suppressed due to scalar field pressure
support. The model under consideration introduces also a
fifth force on small scales; we can estimate its effect on
perturbations via the phenomenological MG functions u, Z,
and y, which for our model read [60]

2
ap

a +2c%(051(+3/20523) 4 (10)
Using Eq. (6) and fxy < 1 one has
o 12(eHe) 0.48(2V,)°
A Sy 4—28/H)eHg,” " T-16(v,) ™
(11)

In the last approximate equality we have assumed the
tracking solution (5) and radiation dominance. Thus, on
small scales, the MG effect always enhances gravity and
perturbation growth. For superhorizon modes, §¢ is not
excited, so the effect on perturbation evolution outside of
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horizon is negligible. In general, on small scales the MG
term enhances perturbation growth, competing with the
additional pressure support from the scalar fluid within its
sound horizon, which suppresses clustering.

III. DATASETS AND METHODOLOGY

In order to perform a fit to the data, we choose an explicit
GEDE model by setting the potential to the following
quartic ansatz:

V(p) = Vod* + V. (12)

where V5 stands for the cosmological constant supporting
the late-time accelerated expansion. This potential depends
on only one parameter and is thus simpler than the one in
the original axion EDE [6] model, while still being able to
considerably alleviate the Hubble tension [7,13]. In gen-
eral, V, could also be dynamical to represent the dark
energy. The scalar field model is specified by two model
parameters {&, Vo} plus the initial field value ¢;,;. In
practice, we use the more intuitive parameters: fgpg, the
peak energy density of the scalar field; and z,., the redshift
at which the peak occurs in place of {V, ¢;}, and we use a
shooting method to map them back to {V, ¢,;}. Energy
density of the scalar field can be ambiguous once MG is
included; we thus define

_ Pmot(2)
fepe(z) =1 _W’ (13)

where p,, o, is the total energy density of all species except
for the scalar field. One can also define the energy fraction of
the canonical part by f&p: = (4%/2 + V(¢))/3M% H?. For
cEDE one has ffpp = fepg, while for GEDE f{pp #
Sfepe- In light of the discussion in Sec. I, instead of & we
use the dimensionless parameter £V 4 which directly controls
the dynamics and stability of the theory. With this setup,
we have the standard six cosmological parameters
{wy,, 0., Hy,In 10'°A, n, 7, } and three additional model
parameters { fgpg. .. £V, } for our cosmological model.
To compute the cosmology and the corresponding
prediction for the observables of interest, we use a new
version of EFTCAMB [61,62], based on the public Einstein-
Boltzmann code cAamMB [63,64]. This version features the
implementation of a covariant Horndeski module that
evolves any covariant Horndeski theory, both at the back-
ground and linear level. Provided with an arbitrary
Horndeski Lagrangian, the code integrates the scalar field
perturbations in terms of 8¢ instead of 7 = 8¢/ ¢, and thus
avoids the divergence in 7 when ¢ crosses zero that plagues
all previous Boltzmann codes that evolve scalar-tensor
theories. The new EFTCAMB is interfaced with Cobaya
[65,66], which we use to perform Monte Carlo Markov
chain (MCMC) analysis to derive posterior constraints on

the model parameters. We use the Gelman-Rubin [67]
diagnostic R — 1 < 0.02 as our convergence criterium.
We also use the nested sampler PolyChordLite [68,69],
interfaced with Cobaya, to compute the Bayesian evidence
of the models.

We use the following dataset:

(1) P20: hillipop TTTEEE and 10l11lipop EE like-
lihoods of the Planck2020 CMB temperature and
polarization data [1], as well as the Planck2018 low-1
TT data [70] and Planck PR4 CMB lensing [71].

(i) BAO: The low redshift baryon acoustic oscillation
(BAO) from main galaxy sample [72] and 6dF [73]
and high redshift BAO data from Sloan Digital Sky
Survey DR12 [74].

(iii) c¢SN: The Pantheon+ type Ia supernova light curve
sample [75] sample with SHOES Cepheid host
distance calibration [2].

(iv) LSS: Weak lensing shear and galaxy clustering (3 x 2
point) LSS measurement from the Dark Energy
Survey (DES) year one (Y1) data [76].

(v) Baseline: P20 + BAO + cSN.

Because of the significantly increased computational cost,
when running nested sampling we replace the high-1
TTTEEE CMB likelihood with hillipop-1lite and
the DES Y1 data with a Gaussian prior on Sg =
0.790f8_‘811§, from the most recent KiDS and DES combined
result [77].

IV. RESULTS

We show the marginalized posterior distributions of
relevant model parameters in Fig. 2 and report the posterior
constraints for all parameters in Table I. Additionally, we
report the full posterior results in Appendix A. Finally, in
Table II we report the 47 for the best-fit model, total as well
as per experiment, and the Bayesian evidence. There is a
significant Ay?> (>20) in the cSN dataset between both
EDE models and ACDM. This is because ACDM is in
strong Hubble tension with the cSN data, while the EDE
models greatly alleviate that.

Looking at Fig. 2, we see that both cEDE and GEDE
show shifts in the values of n,, ,, compared with ACDM
as observed and explained in [26,78], but GEDE predicts
an w;, comparable to ACDM, with the central value ~2¢
lower than cEDE. The Hubble tension is mitigated with
the inclusion of the dark energy field, while presence
of the MG term X[l¢ further improves the fit to the cSN
data with Ay3y ~—-5 as well as the CMB data with
Ayiyp =~ —2, bringing the latter to the same goodness
of fit as ACDM in terms of CMB. Because of the overall
improved fit, we observe a preference for the MG term,
e, &V, #0, at 26 (95% confidence level). In terms
of Bayesian evidence, both dark energy models are
strongly favored over ACDM with Bayes factor InB =
In(Z,/Zy) > 6 due to the alleviation of the Hubble
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FIG. 2. 68% and 95% marginalized posterior constraints for selected cosmological and model parameters for ACDM, cEDE, GEDE in
the baseline (filled contours) and baseline + LSS (dashed contours) datasets.

tension. Moreover, despite one more free parameter,
GEDE is still favored over the cEDE with InB = 0.9,
corresponding to a ~1o preference.

The 26 evidence for £ # 0 comes both from features at
the background and perturbation levels. At the background,
GEDE predicts a slightly but consistently larger H, than
cEDE, while fitting better with cSN with Ay? ~ —5. This is
due to the kinetic braiding effect in the Friedmann
equation (3), where a £V, <0, thus a az > 0, enhances
the Hubble parameter compared to a canonical field. This is
clearly seen in the left panel of Fig. 3 where frpg in GEDE
is significantly boosted by ap > 0 compared with its

canonical part fi,z. Note we have ag . ~0.03, which
enhances the Hubble parameter by 1.5%. However, because
the scalar field only takes up at most ~10% of the total
energy budget, the small increase in Hubble translates to a
significant boost (~20%) in the scalar field peak energy
fraction. At the level of perturbations, GEDE improves the
fit to the CMB spectra with AyZyp ~—2. It has been
identified in [78] that an increase w;, is needed to shrink the
physical damping scale in all cEDE models to prevent the
damping angular scale from changing drastically when H,,
is increased, but has the side effect of also impacting the
baryon drag, which changes the relative height between
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TABLE 1.  68% posterior constraints on all cosmological parameters.

ACDM cEDE GEDE
Model Dataset Baseline Baseline + LSS Baseline Baseline + LSS Baseline Baseline + LSS
100w, 2.24 +£0.01 2.24 £0.01 2.28 £0.02 2.28 £0.01 2.25 £0.02 2.254+0.02
100w.. 11.74 +0.08 11.69 £+ 0.07 1294+0.3 12.6 £0.3 129 +0.3 12.7£0.3
H, 68.4 £ 0.4 68.6 £0.3 71.1+£0.8 70.9+£0.8 71.4+0.8 71.4+0.8
ng 0.972 +£0.003 0.973 £ 0.003 0.986 +£ 0.005 0.984 + 0.005 0.985 + 0.005 0.985 £+ 0.005
In(10'°4,) 3.05 £0.01 3.05 £0.01 3.07 £0.01 3.06 £0.01 3.07 £0.01 3.06 £ 0.01
Treio 0.062 + 0.006 0.062 +£ 0.006 0.062 +£ 0.006 0.062 +£ 0.006 0.061 + 0.006 0.062 £+ 0.006
Shede e e 0.07 £0.02 0.07 £0.02 0.10 £0.02 0.08 £ 0.02
In(1 +z.) 8.07 +0.09 821709 8.29jg§§ 8.4jg_-l§0
Vs o —1.8%57 —2.0%43
Q, 0.301 £ 0.005 0.298 £ 0.004 0.302 +£ 0.005 0.297 £ 0.004 0.299 + 0.005 0.294 + 0.004
Sg 0.808 + 0.009 0.802 £ 0.008 0.83 £ 0.01 0.82 £ 0.01 0.83 £ 0.01 0.815 +£0.010
TABLE II. Best-fit y? per dataset and total, for the three different models. The last line reports the Bayesian evidence of the
corresponding model obtained from nested sampling.

ACDM cEDE GEDE

Model Dataset Baseline Baseline + LSS Baseline Baseline + LSS Baseline Baseline + LSS
XemB 30561.4 30559.8 30561.9 30561.2 30560.3 30559.4
XemB Lensing 8.6 10.0 9.1 8.9 9.4 10.5
225N 1484.2 1485.8 1463.2 1464.7 1459.1 1459.5
XEr0 5.9 5.5 54 5.6 55 6.7
Xiss 506.1 508.3 507.5
7 305047.4 32599.5 32039.6 32548.6 32034.3 32543.6
InZ e —3592.7 —3586.8 —3585.9

even and odd acoustic peaks, requiring imperfect compen-
sation from other sources, including tuning n, [78] and
early integrated Sachs-Wolfe (ISW) effect [79]. In contrast,
GEDE completely negates such w, shift in Fig. 2 with
¢V, ~ =2, indicating a new degeneracy direction between
the MG effect and a larger angular damping scale. Figure 4
compares the effect of w, and MG in the CMB power
spectra. We setup the base model as the best-fit GEDE but
with £ =0, in which the TT spectrum is overdamped at
high #. Turning on the Galileon operator (+&) or increasing
baryon density (+w),) can both compensate for the excess
damping, but increasing w,, suffers from modified baryon
drag around ¢ ~ 500. In GEDE, MG adds power to the
high-7 tail by enhancing gravity on small scales, see right
panel of Fig. 3, and thus radiation driving. This effect might
be general to all MG with an attractive fifth force, as in
Eq. (11). Near horizon scale, the MG effect on perturba-
tions in Fig. 3 is difficult to clarify analytically due to the
many factors at play. However, the change in baryon drag
effect due to a shift in w,, is of order dw,,/w,|¥| ~ 0.03|¥|
in the first two peaks, but at such scales radiation driving is

already subdominant and the change in early ISW, accord-
ing to Fig. 3, is only at subpercent level. Therefore, the
impact of MG on intermediate scales is generally smaller
than w,, thus the better fit.

The Sg problem is not alleviated by GEDE, nor does it
get worse. However, the MG model does predict slightly
smaller Sg than the canonical model. We attribute this
reduction mainly to the reduced w; thus a smaller Q,,.
MG does not help to this end because the fifth force is
always attractive at small scales according to Eq. (10),
but it also does not worsen the problem because
u—1>0is very small, e.g., with £V, =-2 and fx=0.1
Eq. (11) gives 4 —1 < 5% and only nonvanishing in a
narrow redshift window when the scalar field energy
fraction is non-negligible. To explicitly help with the Sg
tension, one might need a repulsive fifth force (u < 1),
which, according to [60], requires nontrivial G, in
Horndeski theories. It has been shown that G, D ¢?
might have some effect but does not differ much from
the general prediction of EDE, i.e., increased Sg than
ACDM [41,42]. In Fig. 2, adding LSS (dashed contours)
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FIG.3. Comparison between cEDE and GEDE with the same set of cosmological and model ({ fgpg, 2. }) parameters, except for & = 0
in cEDE. The recombination time is marked by a vertical gray dashed line. In the lower panels of both figures, we plot the kinetic
braiding parameter @y, which characterizes the size of the MG effect in GEDE. Left: scalar field energy fraction defined as
fepE = 1 = piior/ (BM ?,H 2), where py, o is the total energy density of all species except for the early dark energy field. The blue dashed
line (GEDE canonical) plots the canonical part of scalar field energy density faction f&p = (4?/2 + V(¢))/3M f,H 2 in GEDE, which is
significantly smaller than the full quantity at the peak due to kinetic braiding. Right: landscape of fractional difference in the Weyl
potential compared with cEDE. The plotted value is (¥ + @)y6/ (P + @)pgaee — 1-
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FIG. 4. Fractional difference in the TT and EE spectra with respect to the Planck 18 best-fit ACDM model. Binned data points are from
Planck18. “Base” is the best-fit GEDE model but with £ = 0. As explained in the main text, without the MG term it produces less power

at high . To compensate, one can either increase baryon density (the “+},” line) or turn on MG (the “+&” line), where data turned out
to favor the latter over the former.
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considerably widens some posterior distributions, espe-
cially that of z.. With LSS, there are MCMC points that
accumulate at the upper prior boundary In(1 + z.) <9,
creating a secondary peak in the distributions. It is a
known feature of EDE that the model displays bimo-
duality in z. with the global best-fit living in the main
peak with lower z, see, e.g., [80]. The high-z, subpeak
fits worse to the baseline data but predicts a smaller Sg,
thus once LSS is included, the competition between data
in tension degrades the constraints and drives the contour
to extend toward the high-z, region. Appendix B further
explores the high redshift model by excluding the low-z,.
peak from the prior range.

V. CONCLUSION

We have studied the phenomenology of the Galileon
field with a noncanonical operator X[l¢ as an realization
of EMG/EDE, with the resultant model dubbed GEDE.
It is found that, despite having one more parameter, GEDE
is still favored over canonical EDE with a Bayes factor
In B = 0.9 due to better fit to the CMB and supernovae type
Ia data. We identify the source of improvement as con-
tribution from the MG effect (kinetic braiding) on both
background and linear perturbation levels. It’s known that
noticeable increase in @., m;, and n, is a common feature
of EDE models in order to fit CMB and BAO [26,78]. The
necessity of increasing ), is removed in GEDE due to the
small scale attractive fifth force, resulting in improved
consistency with small scale CMB observations as well as
recent big bang nucleosynthesis constraints [81]. Aside
from w,, n, and w. in GEDE still follow the same
increasing trend as in previous EDE/EMG models. The
increase in w, is related to the Sg tension which plagues
GEDE as well. The increase in n, connects the Hubble tension
with a Harrison-Zeldovich initial spectrum [78,82—-85], which
might be of profound implication in the study of the
primordial Universe [86-90].

It should, however, be stressed that Lagrangian (1) is
very simplified from a theoretic point of view. For example,
the theory will additionally include nonminimal coupling to
gravity, i.e., G4(¢), if regarded as a direct derivation of
local modification of gravity [51,91]. Moreover, it will
violate the positivity bounds postulated in [55,92] if
Vsp <0, e.g., in the axionlike EDE potential [6] before
the field thaws. One simple extension to remedy is adding a
positive nonstandard kinetic term X2. The possible exten-
sions are left for future study.

Another attractive possibility is kinetic nonminimal
coupling G4(X). Because EDE is negligible after recom-
bination, such models evade the ¢; = 1 constraint from
GW170817 [93-95] while also contributing nontrivially
to CMB observables, including B-mode polarization.
Furthermore, as recently pointed out by [96], EDE/EMG
can also leave unique resonant signatures in the stochastic

gravitational wave background if the field is oscillating,
which is a ubiquitous feature of many EMG/EDE
models. Resonance in the scalar sector [97] is also worth
studying.

The cosmology code used to produce the results is a
major component of the new EFTCAMB. The preliminary
version used to produce the results of this paper is publicly
available at [98]. Some of the plots are made with the help
of GetDist [99].
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APPENDIX A: SUPPLEMENTARY
MCMC DETAILS

Figure 5 shows the posterior distributions of all
cosmological and model parameters of ACDM, cEDE,
and GEDE in the baseline (filled) and baseline + LSS
(dashed line) datasets. The corresponding best-fit values,
obtained from the minimization module in Cobaya, are
summarized in Table III. The sampled cosmological
parameters are {wy, w., Hy, In IOIOAS,nS,Treion}, namely,
the baryon and cold dark matter density parameter
0. p = Qc,hhz, the Hubble constant H, the log amplitude
In10"°A; and spectra tilt n; of the primordial curvature
perturbations, and the effective reionization optical depth
Treion- The cEDE model adds two more model parameters
{fEpE: In(1 + z.)} to be sampled, namely, the scalar field
peak energy fraction fgpg and logarithm of its redshift
position In(1 + z..). Following Planck [70] we treat the
neutrinos as two massless ultrarelativistic species with
N,, =2.0308 plus one massive with mass 0.06 eV,
reproducing N i = 3.044 [100-102]. Together with the
cosmological and model parameters, we also sample all
nuisance parameters of the corresponding likelihoods
with their recommended priors. We use uninformative
uniform priors for cosmological and model parameters as
reported in Table IV. The upper bound on £V is informed
by the theoretical stability requirement (8). We have
checked that relaxing this prior will not meaningfully
change the posterior distribution because the theories with
&V > 5/12 are automatically discarded due to numerical
instability, but enforcing the bound in prior makes the
MCMC run much more numerically robust. Because of
the significantly increased numerical cost, we shrink some
of the priors in nested sampling to speed up convergence,
with the exception of In(1 + z.) because nested sampling
works well with bimodality.
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FIG.5. 68% and 95% marginalized posterior constraints of for all cosmological and model parameters in ACDM (gray), cEDE (red),
and GEDE (blue) with the baseline (filled) and baseline + LSS (dashed lines) datasets.
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TABLE III. Best-fit values of all cosmological and model parameters in ACDM, cEDE, and GEDE with the
baseline and baseline + LSS datasets.

ACDM cEDE GEDE
Model Dataset Baseline Baseline + LSS Baseline Baseline + LSS Baseline Baseline + LSS
100w, 2.249 2.242 2.276 2.290 2.243 2.261
100w, 11.69 11.72 12.79 12.61 13.17 12.97
H, 68.60 68.41 70.99 70.82 71.81 72.22
ng 0.9750 0.9730 0.9868 0.9845 0.9867 0.9879
In(10'°4,) 3.061 3.047 3.072 3.070 3.070 3.068
Treio 0.0649 0.0619 0.0640 0.0652 0.0627 0.0633
Fhede e e 0.083 0.075 0.111 0.106
In(1+ z.) e e 8.02 8.11 8.20 8.20
v, ~1.77 ~1.61
Q,, 0.2976 0.2998 0.3002 0.2983 0.3003 0.2931
Sg 0.810 0.805 0.832 0.824 0.835 0.820

APPENDIX B: CONSTRAINTS ON THE HIGH-,
MODELS

We explore in this appendix the high redshift secondary
peak of cEDE and GEDE. With the same setup as in
Appendix A, but changing the prior of In(1 + z..) to [9, 10],
we obtain the baseline MCMC posterior constraints as
shown in Fig. 6. The cEDE model converges to the high-z..
minima, while turning on Galileon MG in GEDE spoils
the convergence. We attribute this to the fact that the new

dimension (§V ;) connects the high redshift local minima
with the global one around matter-radiation equality by
lowering the y? barrier between the two minima, thus the
degeneracy band in the {V; —In(1 + z..) panel. In fact, in
the nested sampling runs, this high-z, local minima is
covered by our prior range, see Table IV, and has been
correctly identified, but turned out to be disfavored in both
cEDE and GEDE compared with the low redshift minima
studied in the main text.
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FIG. 6. 68% and 95% marginalized posterior constraints for all cosmological and model parameters in the baseline cEDE (red) and
GEDE (blue) models with prior 9 < In(1 + z.) < 10.

TABLE IV. Uniform prior used for cosmological and model parameters in the MCMC and nested sampling (NS)

methods.

MCMC NS
Wy [0.01, 0.03] [0.02, 0.025]
W, [0.10, 0.15] [0.1, 0.15]
H, [60, 80] [60, 80]
ng [0.8, 1.2] [0.9, 1.1]
ln(lOloAs) [1.61, 3.91] [3.0, 3.1]
Treio [0.01, 0.8] [0.04, 0.1]
fhede [O’ 03] [0, 02]
In(1+z.) [7, 9] [7, 10]
&V, [-5,0.4] [-5,0.4]
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