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Unified framework for early dark energy from a-attractors
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One of the most appealing approaches to ease the Hubble tension is the inclusion of an early dark energy
(EDE) component that adds energy to the Universe in a narrow redshift window around the time of
recombination and dilutes faster than radiation afterwards. In this paper, we analyze EDE in the framework
of a-attractor models. As is well known, the success in alleviating the Hubble tension crucially depends on
the shape of the energy injection. We show how different types of energy injections can be obtained, thanks
to the freedom in choosing the functional form of the potential inspired by a-attractor models. To confirm
our intuition, we perform a Markov-chain Monte Carlo analysis for three representative cases and find
indeed that H, is significantly larger than in ACDM, like in other EDE models. Unlike axion-driven EDE
models with a super-Planckian decay constant, the curvature of the potential in the EDE models required by
the data is natural in the context of recent theoretical developments in a-attractors.
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I. INTRODUCTION

Recent low-redshift distance-ladder measurements sug-
gest a larger Hubble constant H, than the one determined
from cosmic microwave background (CMB) data [1].
The value of H inferred from the latest Planck 2018 data,
H, = (67.36 4 0.54) kms~! Mpc~! [2], appears to be in a
4.4¢ tension with the most recent distance-ladder meas-
urement from the SHOES team [3], Hy,= (74.03+
1.42) kms~! Mpc~!, which is determined by using type-
Ia supernovae (SNe Ia) as standard candles [4]. Other
low-redshift methods to determine Hy, such as from strong-
lensing time delay [5] or from calibrating SNe Ia by the tip
of the red giant branch [6-8], also point to a higher H
derived from the CMB. In the absence of unknown
systematics, new physics seems necessary to solve this
H, tension [9].

A common approach to model building consists of
increasing the expansion rate at redshifts around matter-
radiation equality in order to shrink the comoving sound
horizon at baryon drag r, which results in a higher H,,

*matteo.bragliaZ @unibo.it
"william.emond @nottingham.ac.uk
*fabio.finelli@inaf.it
emir.gumrukcuoglu@port.ac.uk
”kazuya.koyama@ port.ac.uk

2470-0010/2020/102(8)/083513(8)

083513-1

inferred from CMB! [14,15]. The addition of light relics is
a typical example of physics that helps ease the tension by
changing the early-time dynamics of the Universe [16-20].
Modified gravity models also lead to interesting solutions
to the H, tension [21-29].

However, given the success of the A cold dark matter
(ACDM) concordance model in fitting CMB anisotropies,
the early-time deviation from it must be minimal. To this
end, the early dark energy (EDE) scenario is perhaps the
most minimal modification to the ACDM background
dynamics that substantially alleviates the H( tension. In
this model, first proposed in Ref. [30], a very light scalar
field ¢ is frozen by Hubble friction during the radiation
era, acting as DE with an equation of state wgpg =
Prpe/prpe = —1 and contributing negligibly to the energy
budget of the Universe. Eventually, when the Hubble rate
becomes smaller than its effective mass 9*V(¢)/0¢?, the
scalar field quickly rolls down its potential and oscillates
around its minimum, its energy diluting faster than radi-
ation. This results in a very sharp energy injection into the
cosmic fluid, that for a suitable value of the mass of ¢
occurs around the epoch of matter-radiation equality
equivalence, successfully lowering r,. Since the seminal
work in Ref. [30], a substantial effort has been made in

'For attempts at late-time solutions, see, e.g., Refs. [10-13].

© 2020 American Physical Society


https://orcid.org/0000-0003-3421-4069
https://orcid.org/0000-0002-4476-8818
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.102.083513&domain=pdf&date_stamp=2020-10-08
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1103/PhysRevD.102.083513

MATTEO BRAGLIA et al.

PHYS. REV. D 102, 083513 (2020)

building new models of EDE [31-40] and testing their
predictions against larger datasets [41,42].

In this work, we consider EDE in the framework of
a-attractors [43—45], in which the potential for the EDE
scalar field is given by

V(¢) = f?[tanh(¢p/ V6aMy)]. (1)

This potential arises naturally by turning a noncanonical
kinetic polelike term of the form [a/(1 — ¢*/6M7)?] x
(0¢)?/2 into a canonical one that is of the form (9¢)?/2.
Through the field redefinition ¢ = \/@Mp]tanh" X
(@ /\@Mpl), the kinetic term becomes canonical, and the
potential acquires the tanh(¢/\/aM »1) dependence. Due to
this field redefinition, the potential flattens to a plateau at
large values of ¢. a-attractor models were first introduced
in the context of inflation, with predictions for the spectral
index n, and tensor-to-scalar ratio r, largely independent of
the specific functional form of V(¢), hence the name
“attractors.” In the context of dark energy, a-attractor
models with an energy scale far below the one used in
inflation were considered in Refs. [46—48]. An interesting
connection between dark energy and inflation for a-attractor
models has also been investigated in Refs. [49,50].

In our EDE proposal, however, the shape of the potential
away from the plateau and around its minimum is crucial,
as it regulates the shape of the energy injection. One of the
attractive features of q-attractor models with the potential
in Eq. (1) is that they can easily accommodate various types
of energy injection. Indeed, we will show that, depending
on the functional form of V(¢), a smooth or oscillating
energy injection can be produced, reproducing results of
representative earlier works in the field in a single frame-
work [30,31,33].

This paper is organized as follows: In Sec. II, we
describe the background evolution of the model and
compare it to existing EDE models, focusing on the shape
of the energy injection. We confirm the capability of our
model to alleviate the Hy tension by performing a Markov-
chain Monte Carlo analysis in Sec. III and comment on our
results in Sec. IV. We present our conclusions in Sec. V.

II. BACKGROUND EVOLUTION AND
ENERGY INJECTION

Our model is described by the following Lagrangian:

M? Ob)?
c=vmi 2R v v @
where £,, is the Lagrangian for matter (including baryons,
CDM, photons, and neutrinos), and the potential is

(4 anh (¢ VEaM,)
e T N YNV R

o) /Vo

FIG. 1. We plot the
(p.n) ={(2,0),(2,4),(4.2)}.

potential in Eq. (3) for

where Vi, p,n, a, and f are constants. The potential
corresponds to the simple form V(x) = A + Vox?? /(1 +
px)?" for the field x = ¢/ \/@Mpl with a polelike kinetic
term and has an offset with respect to Refs. [46,47],2 which
is admitted in the dark-energy context with a-attractors
[50]. We have inserted the normalization factor of (1 + f3)"
to ensure the same normalization of the plateau at large
¢ > 0 for every choice of (p, n). For definiteness, we will
consider # = 1 in the following, and we will use a rescaled
scalar field ® = ¢/ (\/@Mpl) when useful. Note that we
have added an offset in the potential [Eq. (3)] as in
Ref. [50], so that the equation of state of the scalar field
becomes —1 today. Note, however, that the construction
presented here does not provide an explanation of the
magnitude of the offset—i.e., it does not address the
cosmological constant problem.

We show the potential for three particular choices of
(p,n) ={(2,0),(2,4),(4,2)}, that we label {A,B,C},
respectively, in Fig 1.> The reason for this choice will
become clear in the following. Note that the potential is
asymmetric around the origin in the last two cases for
which n #0. As we will see, the potential in Eq. (3)
captures all the interesting phenomenological EDE models,
but other functional forms can in principle be chosen
according to Eq. (1).

We now discuss the cosmological evolution of a-attractor
EDE. The dynamics of the scalar field is similar to other
models of EDE studied in the literature and is essentially that
of an ultralight axion field [51]. The scalar field starts from

*Note that in our setting, the field rolls towards the minimum
of the potential in ¢ =0 and not towards infinity as in
Refs. [46,47].

3Since the purpose of this paper is to show that early dark
energy models can be incorporated in the a-attractor framework,
we have only restricted ourselves to three representative models
{A, B, C} which constitute a small sample of the full parameter
space described by the potential in Eq. (3). We stress, however,
that our choice is not the only possible one, and other choices can
lead to results similar to the ones shown in this paper.
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FIG. 2. 'We plot the evolution of the normalized scalar field ® (left), the equation of state parameter wgpg (center), and the energy
injection fgpg (right) for the three models with (p,n) = {(2,0),(2,4).(4.2)}. For definiteness, we have chosen fgpg = 0.1,

loggz. = 3.5, and ©; = 0.4.

its initial value ®; deep in the radiation era and remains
frozen because of the Hubble friction. The energy density of
the scalar field is subdominant in this regime, and its
equation of state wgpg = Prpr/pPepE 1S equal to —1, hence
the name “early dark energy”. Eventually, the effective mass
of the scalar field becomes comparable to the Hubble rate H,
and ¢ starts to thaw. The redshift z,. at which this occurs can
be implicitly defined from the relation dz%;?”: 9H?(z,)
[51]. After z., the Hubble friction is too weak to keep the
scalar field’s potential, and it rolls down in a very short time.
When this happens, the potential energy of the scalar field is
converted into a kinetic one, and a certain amount of energy,
parametrized by fepe = pepe(zc)/3MEH? (z.), is injected
into the cosmic fluid. Depending on the slope of the potential
and its structure around the minimum, the scalar field then
starts to oscillate or simply freezes again once it has
exhausted its inertia. The critical redshift z,. and the value
of the energy injection fgpg are the key parameters
describing all EDE models [52]. As we are going to discuss,
the shape of the energy injection and wgpg crucially depend
on the different possible dynamics of the scalar field after z,.
The scalar field energy density quickly redshifts away after
Z. and its contribution becomes subdominant with respect to
the other components of the Universe.

We show in Fig. 2 the EDE dynamics for the three (A, B,
and C) cases mentioned above. In particular, we plot the
scalar field evolution, its equation of state, and the energy
injection in the left, central, and right panels, respectively
(see the caption for the parameters used).

In the cases A and B, the scalar field oscillates at the
bottom of its potential, leading to a highly oscillatory
equation of state. In the A case, the potential is tanh* ® ~
©* around © ~ 0, and therefore the shape for the energy
injection closely resembles the one obtained in the so-
called rock’n’roll model of Ref. [31], where V(¢) x ¢*.
On the other hand, the B case looks more similar to the
original EDE proposal of Ref. [30] (see, e.g., Fig. 2 of
Ref. [34]). However, given the asymmetry of our potential
for the B case, the oscillatory pattern in the energy injection
shows an asymmetric amplitude of odd and even peaks in

the oscillations. Although this is barely visible in Fig. 2,
this effect is more pronounced for larger ®; and might in
principle lead to distinct results, as the CMB power
spectrum is very sensitive to the shape of frpg(z) [9].
Indeed, because of such sensitivity, the oscillatory patterns
of the scalar field in models A and B leave different
imprints on the CMB angular spectra, as shown in
Refs. [31,34]. Therefore, although at a first glance their
background evolution might look similar, it is important to
explore the phenomenology of both of them separately.

The case C is instead different. Unlike the first two
oscillatory models, for this choice of p and n, the bottom of
the potential is very close to flat, and the scalar field shows
no oscillations. As anticipated, this model looks indeed
similar to the canonical acoustic dark energy (cADE)
model proposed in Ref. [33]. As in cADE (see also
Ref. [32]), the potential energy is suddenly converted to
a kinetic one, and the scalar field remains in a kination
regime in which wgpg = 1, and its energy is kinetically
dominant until it redshifts away. However, differently from
cADE, where the potential was introduced by patching a
quartic potential for positive values of ¢ to V(¢) = 0 for
negative ones, our potential C is consistently embedded in
the a-attractor’s construction.

Although we have focused on these three specific cases
that well reproduce some cases in the literature, we stress
that other possibilities can be obtained for other combina-
tions of the potential parameters (p, n).

III. COSMOLOGICAL CONSTRAINTS AND
IMPLICATIONS FOR THE H, TENSION

In this section, we perform a Markov-chain Monte Carlo
(MCMC) analysis with cosmological data and investigate the
capability of a-attractor EDE models to ease the H, tension.
We use the publicly available code Monte]?ython—vB4
[53,54] interfaced with our modified version of CLASS’
[55,56].

4https ://github.com/brinckmann/montepython_public.
5https:// github.com/lesgourg/class_public.
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TABLE L

Constraints on main and derived parameters of the three examples in the main text considering Planck 2018 data (P18),

BAO, Pantheon, and SHOES data. We report mean values and the 68% C.L., except for the subset of EDE parameters

{0,,log,, V/eV*, log,, a} for which we report the 95% C.L.

ACDM p=2,n=0(A) p=2,n=4(B) p=2,n=4(C)
102w, 2.255+0.014 2.274 +0.018 2.266 + 0.018 2.283 +0.024
o, 0.11854 + 0.00093 0.1265 + 0.0036 0.1286 + 0.0041 0.1250 + 0.0038
100 * 6, 1.04205 = 0.00028 1.04154 + 0.00037 1.04134 =+ 0.00039 1.04161 = 0.00040
- 0.0603 £ 0.0076 0.0602:-0.0070 0.0604 00065 0.0583 96070
In (10'04;) 3.055 + 0.015 3.067 + 0.016 3.071 £0.016 3.064 + 0.015
g 0.9701 + 0.0037 0.9803 + 0.0057 0.9795 + 0.0054 0.9797 + 0.0063
logg z, 3.550 000 3.51070048 3.5281 0058
fEpE " 0.065 + 0.026 0.082 + 0.029 0.0480.029
e, . <0.554 <0.184 <0322
logo @ S —0.3t 14 0.65%13 0.05,¢
logyo Vo/eV* 17533 14117 3450
Hy [km s~ Mpc™'] 68.29 + 0.42 70.28 + 0.94 709 £ 1.1 69.88 + 0.99
o3 0.8105 + 0.0064 0.8255 + 0.0090 0.8271 + 0.0091 0.829 + 0.012
rs [Mpc] 147.21 £0.23 143.0+ 1.8 142.0 £2.0 1437423
A2 —9.68 -10.36 —8.66

We include several datasets in our analysis. We consider
CMB measurements from the Planck 2018 legacy release
(P18) on temperature, polarization, and weak lensing CMB
angular power spectra [57,58]. The high-multipole like-
lihood Z > 30 is based on the P1ik likelihood. We use
the low-Z likelihood combination at 2 <7 < 30: the
temperature-only Commander likelihood plus the
SimaAll EE-only likelihood. For the Planck CMB lensing
likelihood, we consider the conservative multipole range,
ie., 8 < ¢ <400. To provide late-time information, com-
plementary to the CMB anisotropies, we use the Baryon
Spectroscopic Survey (BOSS) DRI12 [59] “consensus”
results on baryon acoustic oscillations (BAO) in three
redshift slices with effective redshifts z.; = 0.38, 0.51,
0.61 [60-62]. Additionally, we use the Pantheon super-
novae dataset [63], which includes measurements of the
luminosity distances of 1048 SNe Ia in the redshift range
0.01 <z <2.3. Finally, we make use of a Gaussian
prior based on the determination of the Hubble constant
from Hubble Space Telescope (HST) observations, i.e.,
Hy=74.03 £1.42 [3].

We study the cosmological models denoted by A, B,
and C introduced in the previous section. We sample the
cosmological parameters {@y, @ g, 05, In 101°A 1, 7,046,
SfEpEs 102102, ©;} using a Metropolis-Hastings algorithm.
We consider the following flat priors on the EDE param-
eters: frpg € [1074,0.4], log,( z. € [2.9,4.2], as in other
EDE studies; see, e.g., Ref. [34], and ©; € [0.05, 1.4].
We have tested that larger priors on ®; give the same
results. We consider the chains to be converged using the
Gelman-Rubin criterion R — 1 < 0.01 [64] and adopt the
Planck convention for modeling free-streeming neutrinos

as two massless species and one massive one with
M, =0.06eV.

Concerning the linearized perturbations, we impose
adiabatic initial conditions and solve the exact evolution
of the scalar field perturbations ¢ (k, ) in the synchronous
gauge [65].

Our results are summarized in Table I, where we report
the reconstructed mean values and the 68% and 95% C.L.’s,
and Fig. 3, which has been obtained using GetD1 st®[66],
where we plot the reconstructed two-dimensional posterior
distributions of the main and derived parameters. We also
plot in Fig. 4 the one-dimensional posterior distributions on
the parameters of the potential V|, and a.

IV. RESULTS

We now comment on the results of the previous section.
As expected, all three cases lead to larger values for the
Hubble parameter H, as can be seen from Table I. We find
that a larger energy injection is allowed in the model B,
for which fgpg = 0.082 + 0.029 results in Hy=(70.9 +
1.1) kms~!Mpc~! at68% C.L. This is followed by model A,
for which frpg = 0.065 4 0.026 results in Hy, = (70.28 +
0.94) kms~' Mpc™! and model C, for which frpg =
0.04870:9% results in Hy = (69.88 +0.99) kms~' Mpc~!.
Asin other EDE models, there is a clear degeneracy between
the comoving sound horizon r, and fgpg, which is respon-
sible for the enhanced expansion rate around the epoch of
matter-radiation equality, and therefore the lower r,. On the
other hand, to successfully preserve the fit to the CMB data, a

6https:// getdist.readthedocs.io/en/latest.
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FIG. 3. Constraints on main parameters and H, of the a-attractor models A, B, and C from Planck 2018 data (P18), BAO, Pantheon,

and SHOES data. Parameters on the bottom axis are the standard cosmological parameters, and parameters on the left axis are the EDE
parameters that we sample with flat priors, r, in Mpc and Hy in km s~' Mpc~'. Constraints for the ACDM model obtained with the same
dataset are also shown. Contours contain 68% and 95% of the probability.

shift to a larger CDM density w, is needed, leading to the
degeneracy between r, and w, seen in Fig. 3 and to a
worsening of the g tension [41].

In all three models considered, cosmological data require
that the initial value for ®; ~ O(1) after nucleosynthesis,
once the slow-roll regime is considered. These values are
typical also for other EDE models. For these values, the
scalar field is hung up in the descending slope of the
potential shown in Fig. 1 after nucleosynthesis: this range
of values does not exclude that the scalar field could have
been in the plateau outside the slow-roll regime at the
beginning of the relativistic era.

Our results are in agreement with the comparison
between A, B, and C and models in the literature made
in the previous section. Indeed, the higher value of H in
the literature of EDE models can be found in the original
EDE proposal of Ref. [30]. However, due to our use of
more recent CMB data and perhaps the slightly asymmetric

oscillations in the energy injection, our inferred value for
H, is somewhat lower. In fact, Ref. [41] also found an H,
similar to ours when analyzing the model of Ref. [30],
adopting the same dataset used here.

Furthermore, contrary to Refs. [31,33], the potential in
Eq. (3) contains two free parameters, and despite the similar
shape of the energy injection in the models A and C,
respectively, the enhanced number of degeneracies between
parameters leads to a slightly different inferred H, also in
this case.

We note an interesting difference between these EDE
models based on «-attractor-like potentials and those
inspired by ultralight axionlike fields as in Refs. [30,34,52].
In models involving cosine potentials, the axion decay
constant f has to take values of order O(M,,) to solve the
H, tension [41], in contrast with the weak gravity con-
jecture [67]. Our results show instead that the allowed range
for a is natural in terms of model building and also includes
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FIG. 4. One-dimensional derived posterior distribution of the
potential parameters log,, V,/eV* and log;, a. The convention
for the colors used is the same as in Fig. 3.

the discrete values for @ motivated by maximal supersym-
metry [68,69]. It is also interesting to note that we have here
an apparent nonzero detection of a for EDE, whereas at
present we have only an upper bound on « for inflationary
models [70]. Note, however, that in order to correctly claim
a nonzero detection of a, we should also vary the potential
parameters n and p in our MCMC and marginalize
over them.

V. CONCLUSIONS

In this paper, we have studied a new model of early dark
energy (EDE) consisting of a minimally coupled scalar
field in the framework of a-attractors. As is typical in EDE
models, the scalar field remains frozen during the radiation
era, until it becomes massive and quickly rolls down
the potential, injecting energy into the cosmic fluid and
temporarily enhancing the expansion rate of the Universe.
The shape of the energy injection in redshift is crucial to
solving the H, tension and depends on the structure of the
potential around its minimum. The only constraint in a-
attractors is that the potential has to be of the form
V(¢) = f?[tanh(¢p/+/@)], giving in principle a large free-
dom to the model building.

Adopting the simple potential in Eq. (3) as a working
example, we have shown that it is indeed possible for the
energy injection to take several different shapes in the
single unified framework of a-attractors and reproduce
results from different studies in the literature. To illustrate
this, we have analyzed three example models. In the first
two (A and B), the scalar field oscillates at the bottom of
the potential in a way that resembles the Refs. [31,30],
respectively. Note however, that our second example
slightly differs from Ref. [30], since the asymmetry of
the potential around ¢ = 0 leads to an asymmetric pattern
of oscillations in the energy injection. In our third model
(C), instead, the scalar field never oscillates and quickly
transfers its potential energy to kinetic, undergoing a
temporary phase of kination, as in Ref. [33].

We have used the latest Planck 2018 CMB temperature,
lensing, and polarization data together with a variety of
high- and low-z BAO measurements, SNe la data from
Pantheon, and the SHOES estimate of the Hubble constant,
and run an MCMC simulation to constrain the model
parameters. We have found that all the models can
significantly alleviate the H tension, the best being the
model B, for which an energy injection of frpg = 0.082 +
0.029 at the redshift log;oz. = 3.510f8_‘8§§1 leads to an
inferred value of the Hubble rate today of Hy = (70.9 £
1.1) kms~! Mpc~! at a 68% C.L.

As noticed in the literature, EDE models change the best-
fit cosmological parameters from ACDM such as ng, A;,
and w,.. This could lead to tension with large-scale structure
observations such as weak gravitational lensing [41],
although the conclusion depends on the CMB data used
in the analysis [42]. Another interesting consequence is the
spectral index n,, which tends to be larger than the one
obtained in ACDM, n; ~0.98. This has an interesting
implication for inflationary models. For example, some
inflation models based on a-attractors predict a larger n if
reheating occurs gravitationally [49,50]. These a-attractor
inflation models can be combined with early dark energy
models as a two-field model or quintessential inflationary
models, as done in Refs. [49,50]. It will be interesting to
explore this possibility and revisit inflation models in the
light of new constraints on n, [70-72].
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Note added.—New studies involving LSS data recently
appeared on the arXiv. The results obtained in Ref. [41],
that which explored to which extent the shift towards larger

values of w, in EDE models can be tolerated by weak
lensing and redshift-space distortions data, have been
confirmed in more recent papers that used the full shape
of the power spectrum [73-75]. The conclusions of these
papers, which do not include the SHOES data in the
analysis, is that LSS data break the degeneracies between
the EDE and cosmological parameters mentioned in
Sec. IV and EDE models (which predict in general a
higher og) are not able to significantly ease the H tension.
More optimistic results are found in Ref. [76].
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