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Reconciling early dark energy with a Harrison-Zeldovich spectrum
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Recent attempts to fully resolve the Hubble tension from early dark energy models seem to favor a
primordial Harrison-Zeldovich universe with its scalar spectrum being extremely scale invariant. Restoring
the Harrison-Zeldovich spectrum within the single-field inflationary paradigm appears to be infeasible,

turning to the multifield approach from either curvaton or waterfall models. In this Letter, we successfully
align with the Harrison-Zeldovich spectrum within a single-field chaotic inflation by a nonminimal
derivative coupling, and the previously disfavored chaotic potential by Planck + BICEP/Keck data in the
standard A-cold-dark-matter model now returns back to the scope of future polarization observations of the

cosmic microwave background.
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Introduction. The standard A-cold-dark matter (ACDM)
might be cracked by the 56 H, tension [1-8], 2 ~ 30 Sy
tension [7-9], and recently discovered ~36 6H|, tension [10]
and 3 ~ 70 ap tension [11]. Depending on how the source
of discrepancy is recognized, the H, tension can be
equivalently reformulated as the r, tension [1-4] or My
tension [12—16] so as to modify the early or late Universe,
respectively. However, various no-go arguments against
the early time [17-20] and late-time [12—16] resolutions
have led us possibly in the direction that either both early
and late Universe should be modified altogether [21] or
some new physics [22,23] hidden and disguised as
“systematics” in the local Universe [10], that is, before
these “‘systematics” can be appropriately modeled, they
are practically removed from the data by some empirical
ansatz. On the other hand, the primordial Universe
scenarios are less discussed as it appears too early to
affect our current local expansion.

Intriguingly, almost all purely early resolutions by reduc-
ing the sound horizon r, alone without altering the post-
recombination history tend to increase the Hubble constant
H, at a price of increasing the scalar spectrum index n,,
ong ~0.4(6Hy/Hy) ~ —0.4(5r,/r,) [24-26]. For example,
fitting the original early dark energy (EDE) model for
an axionlike potential with the most preferable n = 3 case
to the full Planck + baryon acoustic oscillation (BAO) +
Pantheon + H, dataset gives rise to the mean (best-fit) value
+loerrorasng = 0.9812(0.9880) 4 0.0080 [27]. Similarly,
fitting the new EDE model [28] to an almost the same dataset
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increases n, = O.9889(0.9912)f8"882g [29]. More extremal
case comes from an early anti—de Sitter (AdS) phase of EDE
that uplifts n, = 0.9976(0.9974) 5004 [30]. It seems that a
full reconciliation of the 56 H, tension seems to prefer
a primordial Harrison-Zeldovich universe with a scale-
invariant scalar spectrum index ny = 1 [31-33].

However, the Planck data alone has already ruled out
decisively the Harrison-Zeldovich spectrum at 6 ~ 8o
confidence level [34] if the ACDM model is assumed
throughout the cosmic history. What turns out unusually
surprising is that both the axionlike EDE and AdS-EDE
models with n, =1 prior fit the Planck + BAO +
Pantheon + H, dataset better than the ACDM model with
the Bayes ratio Aln B ~ 10 [35], while the absence of the
local H, prior from the above dataset turns out the other
way around with moderate evidence AlnB~ -1~ -3
against the n, = 1 EDE scenario. This is different from
other H-solution models adopting a local H, prior for data
analysis simply to compromise between the global and local
H, measurements without actually improving the Bayes
ratio. Furthermore, adding other ground-based cosmic
microwave background (CMB) polarization datasets would
even enlarge the Bayes ratio to A In B ~ 15 for the preference
of ny, = 1 [35]. This is not surprising as with these ground-
based CMB polarization data alone, the ACDM model
already favors n; = 1 over ny ~ 0.965 from Planck [36].

If a primordial Harrison-Zeldovich Universe is indeed
inferred from resolving the Hubble tension with EDE
models, then the inflation model construction is thus
desired for [37] as in the standard canonical single-field
inflation, a scale-invariant spectral index n,~1 —
O(1)/N, - 1 would require a much longer e-folding
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number than what we actually needed for solving the
horizon problem. Therefore, the inflationary model build-
ing usually involves multifield configurations as proposed
recently in, for example, axion curvaton [38] and hybrid
waterfall [39,40] models (see also [41] for D-term inflation
in braneworld scenario). Since no evidence has been
reported yet for the multifield inflation, it would be more
appealing to produce a primordial Harrison-Zeldovich
universe within the single-field inflationary scenario.

In this Letter, we achieve this goal by turning on a
nonminimal derivative coupling (NDC) introduced in the
next section with a typical example presented in the
following section. We conclude in the last section with
discussions in future perspectives.

Nonminimal derivative coupling. The NDC was originally
introduced in the heterotic string theory for the universal
dilaton [42]. Later in Ref. [43], this NDC was borrowed
phenomenologically as a unique coupling of the standard
model Higgs boson to the Einstein gravity so as to yield a
successful inflation within the standard model Higgs
parameters without dangerous quantum corrections. In this
Letter, we also approach the nonminimally derivative
coupled scalar field phenomenologically but as a generic
scalar field, leading to the ensuing action

/ &1y [ Vop— (¢ ~e6)9,0%.0-v|. (1)

where Mp = 1/4/87G is the reduced Planck mass, G is
the Einstein tensor, and & is a coupling constant with mass~>
dimension. Furthermore, the action (1) is part of a larger
class of scalar-tensor theories [44,45] that possess second-
order equations of motion (EoM), propagating no more
degrees of freedom than general relativity minimally
coupled to a scalar field. A salient characteristic of the
NDC model is that with a positive coupling &, the inflaton
evolution is slowed down compared to the minimally
coupled case due to gravitationally enhanced friction,
providing an avenue to reconcile a steep potential V(¢)
with the CMB observations [46]. For example, Refs. [47,48]
managed to realize the ultra-slow-roll inflation that amplifies
the small-scale primordial curvature perturbations by gen-
eralizing the coupling constant as a special function of the
inflaton.

We first review the background dynamics [46]. In a
spatially flat Friedman-Lemaitre-Robertson-Walker uni-
verse, characterized by ds? = —df* + a()*5;;dx'dx/, the
background dynamics for the NDC model is determined
by the field equations,

MR =L (149N V(). (2)
(1+3EH*)d+ [1 + E(2H + 3H?)|3Hp+ V4 =0, (3)

where V , = dV/d¢, and the overdot symbol denotes the
derivative with respect to the cosmic time ¢. In the context of
the slow-roll inflation, it is convenient to introduce the slow-
roll parameters,

H )
€_—72, 5¢:7,

H He

P* Ep?
Sy = —0 =2 4
X oM H? DA )

to characterize the background evolutions. During the slow-
roll inflation, it is required that €, ||, 5y, and |§p| < 1. This
allows us to simplify field equations as

3MLH? ~ V(). (5)
3HAD +V 4 ~0, (6)

with an abbreviation
A=1+3EH% (7)

Taking the time derivative of Eq. (5) and employing both
Egs. (5) and (6), we arrive at a relation

ezax+65D_%V (8)

to the usual first potential slow-roll parameter

M2 [V ,\2
=" (%) ©)

The field value ¢, that terminates the slow-roll inflation is
ascertained by fulfilling the condition €(¢,) = 1, namely
ev(p)[1 + EMHEV(¢,.)]' = 1. Hence, the e-folding num-
ber N from some moment during slow-roll inflation to the
end of inflation can be approximated as

o.H - 1 [0 o
N(¢):/¢ (75d¢zM}2>1/ (1+EMREV())
(10)

We next collect the perturbative dynamics [46] for the
scalar perturbations. The curvature perturbations R in the
momentum space follows the EoM as

0,

Ry + <3H+ 0.

2k2
)Rk+ R, =0, (11)

where the abbreviations

wi (4wyws + 9w3)
3w3

0, =

. (12)
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2 _ 3@wiwaH = wiwy + dwpibiwy = 2whiv,) (13)
s wi (4wiws + 9w3)

are defined from

wi = M3 (1 -26),
Wy = 2HM12)1(1 _65D)7
w3 = —3H2M%1<3 - 5X - 365D),

wy = My (1+265p). (14)
Under the slow-roll approximation, one can deduce that
Q, ~Mpey/A and ¢2 =1 — O(e). The power spectrum
and the spectral index for the curvature perturbations,
evaluated at ¢,k = aH, can be estimated as

H? V3 5
= ~ 1+ EM2V), (15
PR =800, 12n2Mglv?¢( TeMpV). - (15)
dinPp 1 1
=1 = ~—— |2 4—— ) =2 1
s dInk A{ €V< A) ”V]’ (16)

respectively, with the use of the second potential slow-roll
parameter 17y = M3V 4,/ V.

We finally turn to the perturbative dynamics [46] for the
tensor perturbations /;;. After expanded in terms of two
independent transverse traceless basis tensors,

A
1) = g;/zﬁyzk

with e (k)efl (k) = 26, its Fourier modes h{ obey

A(k)ex,  (17)

h + <3H - g{) h + k2 A =0, (18)

with
Q, = wi/4 =My (1-25p)/4, (19)
c? =wy/wy =1 +48p + O(?). (20)

The tensor power spectrum evaluated at ¢,k = aH reads

H? 2v
27%Q,c3 3n?My,

Py = 1)

Therefore, the tensor-to-scalar ratio can be estimated as

P'R 16€V
PT k~aH "4

(22)

Chaotic potential with negative nonminimal derivative
coupling. In this section, we exemplify a realization of
primordial Harrison-Zeldovich universe in the NDC model
for the simplest inflationary potential, that is, the chaotic
potential with a monomial power-law form,

V(p) = My "¢ (23)

where the dimensionless parameter A sets the inflationary
energy scale solely determined by the amplitude of the
primordial scalar spectrum at the CMB scale. The infla-
tionary dynamics is fixed once the rescaled coupling
constant y = A¢M3, and the power p are specified.

The latest CMB results from the combined observations
of Planck 2018 [34] and BICEP/Keck [49] assuming the
standard ACDM model has unequivocally ruled out the
entire family of monomial power-law potentials within
the minimally coupled canonical framework [50]. Notably,
this conclusion remains steadfast even for the NDC model
with a positive coupling & [51]. The negative coupling ¢ is
less considered before so as to avoid the ghost propagation.
What turns out as a nice surprise is that, alongside with a
primordial Harrison-Zeldovich universe, the chaotic poten-
tial in the NDC model with a negative coupling ¢ is not as
dangerous as it appears to be, since the ghost propagation
for the curvature perturbations never occur and the negative
kinetic term would eventually evolve into a canonical form
before the end of the inflation as shown shortly below.

Let us first locate the parameter region allowed for a
primordial Harrison-Zeldovich universe. Incorporating
ev = (p*/2)(¢/Mpm)~* and 5y = p(p — 1)(¢/Mp)~ into
Eq. (16) renders the scalar spectral index as

P ¢\
ns_l—zl<2p A+2><MP1> : (24)

which can be extremely scale invariant n; = 1 at the CMB
scale as long as the condition (2p — p/A, +2) =0 is
imposed. Here the quantity with subscript * is specifically
evaluated at ¢) = ¢, when the CMB scale exits the horizon.
Hence, we require

14
A= 25)
It is easy to see that 0 < A, < 1 holds true for any positive
potential power p > 0, thus £ must be negative to ensure
A, =1+ 3EH? < 1. Then, as our Universe inflates with a
slowly decreasing H, a negative £ would further enlarge
A=1+3EH? from a positive A, >0 so that A >0
namely Q, ~ Mpey/A >0 can be always guaranteed
during inflation, effectively precluding the emergence of
the ghost propagation for the curvature perturbations.

We next carry out the inflationary predictions for
our chaotic potential with a negative NDC coupling within

L041304-3



CHENGIIE FU and SHAO-JIANG WANG

PHYS. REV. D 109, L041304 (2024)

the scale-invariant parameter space specified by the con-
dition (25). The e-folding number N, from Eq. (10) can be
related to the field value ¢, by

N o p+2A <i>2¢*~ p+2A, (qﬁ*)z
T 2p(p+2) \Mp) |y, 2p(p+2) \Mp)

273 o) o

where we have used Egs. (5), (7), and (25) as well as the
fact ¢, > ¢,. Combining (25) with (26), the tensor-to-
scalar ratio at the CMB scale can be estimated as

8p
= 27
=y @7)
Drawing from Egs. (5), (7), (25), and (26), we can further
estimate the rescaled coupling constant y as

p+2 1
— . 28
"= T Rl + O (28)

Finally, we arrive at presenting our numerical results
based on solving the intertwined background Egs. (2)
and (3) alongside the perturbation Egs. (11) and (18).
Taking p = 2/5 for a simple illustration, the theoretical
computation (28) for the rescaled coupling constant yields
y = —0.308 from setting N, = 60, which also fixes ¢, =
12.962Mp, by Eq. (26), aligning closely with the exact
numerical determination ¢, = 12.697Mp;. This concur-
rence can be attributed to the fact that the slow-roll
conditions {e, |6,]. 6y, |6p|} < 1 are perfectly maintained
throughout an inflationary duration of 60 e-folds as verified
numerically in Fig. 1 for the time evolution of these slow-
roll parameters.

Another potential concern is the kinetic term of the
background field equation (2), whose prefactor (1 + 9¢H?)
emerges as negative at the onset of inflation. This

10°
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FIG. 1. The evolution of the slow-roll parameters defined in
Eq. (4) as a function of the e-folding number N.
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FIG. 2. The evolution of the correction factor in the Kinetic
term, (1 +9&H?), as a function of the e-folding number N in
the cases of p =2/5 (solid line), p = 1/5 (dashed line), and
p = 1/10 (dash-dot line).

wrong-sign kinetic term would typically lead to ghost
instability if such a regime persists. Fortunately, for the
example explored herein, we have explicitly checked with
exact numerical solutions for the prefactor (1 + 9¢H?)
evolution as illustrated in Fig. 2 for p = 2/5, which always
manifests a transition from a negative value to a positive
one just prior to the end of inflation, avoiding ghost
instability and guaranteeing a graceful exit from inflation.
It is intriguing to observe that for adequately small values
of p, this negative-to-positive transition of the prefactor
(1 + 9¢H?) nearly coincides with the end of inflation, as
illustrated in Fig. 2, which also includes the cases for
p = 1/5withy = —0.558 and p = 1/10 with y = —0.748.

Before confronting our model with CMB observations,
we have to further check whether our analytical analysis for
achieving n, = 1 is reliable. It turns out that the exact
numerical calculations for the example prementioned give
rise to n, = 0.9958 and » = 0.051 at the CMB scale, which
are nicely consistent with their theoretical counterparts
ny, =1 and r = 0.053 from our analytic estimation (27).
This ensures that with appropriately fine-tuning the neg-
ative NDC, we can always arrive at a Harrison-Zeldovich
spectrum in our NDC model.

At last in Fig. 3, we can compare with the CMB
observation in the n; — r plane as a function of the effective
coupling y involving a negative NDC & for our NDC model
with a chaotic potential for three illustrative powers p =
2/5,1/5,1/10, where the corresponding effective coup-
lings range within —0.3114 <y <0, —0.5652 <y <0,
and —0.75798 < y < 0, respectively, interpolating between
the Harrison-Zeldovich spectrum and minimally coupled
cases. The orange, purple, and blue shaded regions are the
cosmological constraints [52] from the dataset Planck
2018 + BICEP/Keck + BAO + Pantheon for the ACDM
model [49], AdS-EDE model [52], and axionlike EDE
model (with an equivalent H, prior) [13,14], respectively. It
is evident from Fig. 3 that, with decreasing the effective
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The ng —r predictions for our NDC model with a negative NDC coupling ¢ and a power-law chaotic potential

V(p) = /IMél_pgb”. The effective coupling y = /1§M12,1 varies between —0.3114 <y <0, —0.5652 <y <0, and —0.75798 <y <0
for p =2/5,1/5,1/10, respectively, with the lower bound of y corresponding to an exact scale-invariant case n, = 1 as shown with a
gray solid line. The triangle points are associated with the adopted values of y obtained from our analytic estimation (28), while the
dotted points are the corresponding minimal coupling case with y = 0. The shaded regions depict 68% and 95% C.L. contours of n; — r
for the ACDM model (orange shaded) [49], the AdS-EDE model (purple shaded) [52], and the axionlike EDE (axiEDE) model (blue
shaded) [13,14] with an equivalent H(, prior from the SHOES calibration on the absolute magnitude My of type la supernovae.

coupling y, the scalar spectral index becomes close to the
scale-invariant case n; = 1 but at a price of enlarging the
tensor-to-scalar ratio r, which has been strongly con-
strained by the current CMB polarization observations.
However, for a chaotic potential with shallower power
0 < p < 1, one can always achieve a Harrison-Zeldovich
spectrum and at the same time meet the upper bound on the
tensor-to-scalar ratio.

Conclusions and discussions. The EDE resolutions to the
Hubble tension necessarily tend to increase the scalar
spectral index extremely close to the scale-invariant case.
In particular, when a Harrison-Zeldovich spectrum is
assumed for these EDE models, they become even more
preferred by the dataset CMB + BAO + SNe + H,, with
higher Bayes evidence than the standard ACDM does, but
without the local H( prior, these EDE models show no
preference over the standard ACDM. This intriguing
phenomenon revives inflationary model buildings with a
Harrison-Zeldovich spectrum for these EDE models but
usually within the multifield scenario. In this Letter, we
propose a single-field inflationary model with a negative
NDC for a chaotic power-law potential, V(¢) o ¢?, that
has already been ruled out in the standard ACDM. Our
illustrative model for a shallower potential with 0 < p <1
has brought back these chaotic potentials to the future
scope from CMB polarization observations [53]. It is worth
noting that these fractional power-law potential with almost

arbitrary rational values for the power p can be dynamically
generated in the framework of dynamical chaotic inflation
from the dynamics of a strongly coupled supersymmetric
gauge theory [54-56]. Nevertheless, despite the success of
landing EDE on a primordial Harrison-Zeldovich universe,
the EDE models as like any other early resolutions to the
Hubble tension would necessarily worsen the Sy tension, thus
calling for late Universe modifications at the same time to
reduce the Sg tension separately. A return of a Harrison-
Zeldovich spectrum would also affects the late-time matter
power spectrum at smaller scales, possibly leading to alter-
native observational constraints for future investigations.

Acknowledgments. We thank Zu-Cheng Chen and Lang Liu
for fruitful discussions. C. J. F. is supported by the National
Key Research and Development Program of China Grant
No. 2020YFC2201502, and the National Natural Science
Foundation of China Grant No. 12305057. S.J.W. is
supported by the National Key Research and Development
Program of China Grants No. 2021YFC2203004,
No. 2020YFC2201501, and No. 2021YFA0718304, the
National Natural Science Foundation of China Grants
No. 12105344, No. 12235019, and No. 12047503, the
Key Research Program of the Chinese Academy of
Sciences (CAS) Grant No. XDPB15, the Key Research
Program of Frontier Sciences of CAS, and the Science
Research Grants from the China Manned Space Project with
Grant No. CMS-CSST-2021-BO1.

L041304-5



CHENGIIE FU and SHAO-JIANG WANG

PHYS. REV. D 109, L041304 (2024)

[1] Jose Luis Bernal, Licia Verde, and Adam G. Riess, The
trouble with H, J. Cosmol. Astropart. Phys. 10 (2016) 019.

[2] L. Verde, T. Treu, and A. G. Riess, Tensions between the
early and the late universe, Nat. Astron. 3, 891 (2019).

[3] Lloyd Knox and Marius Millea, Hubble constant hunter’s
guide, Phys. Rev. D 101, 043533 (2020).

[4] Adam G. Riess, The expansion of the universe is faster than
expected, Nat. Rev. Phys. 2, 10 (2019).

[5] Eleonora Di Valentino et al., Snowmass2021—Letter of
interest cosmology intertwined II: The Hubble constant
tension, Astropart. Phys. 131, 102605 (2021).

[6] Eleonora Di Valentino, Olga Mena, Supriya Pan, Luca
Visinelli, Weigiang Yang, Alessandro Melchiorri, David F.
Mota, Adam G. Riess, and Joseph Silk, In the realm of the
Hubble tension—a review of solutions, Classical Quantum
Gravity 38, 153001 (2021).

[7] Leandros Perivolaropoulos and Foteini Skara, Challenges
for ACDM: An update, New Astron. Rev. 95, 101659
(2022).

[8] Elcio Abdalla et al., Cosmology intertwined: A review of
the particle physics, astrophysics, and cosmology associated
with the cosmological tensions and anomalies, J. High
Energy Astrophys. 34, 49 (2022).

[9] Eleonora Di Valentino et al., Cosmology intertwined III:
fog and Sg, Astropart. Phys. 131, 102604 (2021).

[10] Wang-Wei Yu, Li Li, and Shao-Jiang Wang, First detection
of the Hubble variation correlation and its scale dependence,
arXiv:2209.14732.

[11] Lu Huang, Shao-Jiang Wang, and Wang-Wei Yu, No-go
guide for the Hubble tension: Late-time or local-scale new
physics, arXiv:2401.14170.

[12] Giampaolo Benevento, Wayne Hu, and Marco Raveri, Can
late dark energy transitions raise the Hubble constant?,
Phys. Rev. D 101, 103517 (2020).

[13] David Camarena and Valerio Marra, On the use of the local
prior on the absolute magnitude of Type la supernovae in
cosmological inference, Mon. Not. R. Astron. Soc. 504,
5164 (2021).

[14] George Efstathiou, To Hy or not to H,?, Mon. Not. R.
Astron. Soc. 505, 3866 (2021).

[15] Rong-Gen Cai, Zong-Kuan Guo, Shao-Jiang Wang, Wang-
Wei Yu, and Yong Zhou, No-go guide for the Hubble
tension: Late-time solutions, Phys. Rev. D 105, L021301
(2022).

[16] Rong-Gen Cai, Zong-Kuan Guo, Shao-Jiang Wang, Wang-
Wei Yu, and Yong Zhou, No-go guide for late-time solutions
to the Hubble tension: Matter perturbations, Phys. Rev. D
106, 063519 (2022).

[17] Karsten Jedamzik, Levon Pogosian, and Gong-Bo Zhao,
Why reducing the cosmic sound horizon alone can not fully
resolve the Hubble tension, Commun. Phys. 4, 123 (2021).

[18] Weikang Lin, Xingang Chen, and Katherine J. Mack, Early
universe physics insensitive and uncalibrated cosmic stan-
dards: Constraints on Qm and implications for the Hubble
tension, Astrophys. J. 920, 159 (2021).

[19] Sunny Vagnozzi, Consistency tests of ACDM from the early
integrated Sachs-Wolfe effect: Implications for early-time
new physics and the Hubble tension, Phys. Rev. D 104,
063524 (2021).

[20] Oliver H. E. Philcox, Gerrit S. Farren, Blake D. Sherwin,
Eric J. Baxter, and Dillon J. Brout, Determining the Hubble
constant without the sound horizon: A 3.6% constraint on
H, from galaxy surveys, CMB lensing, and supernovae,
Phys. Rev. D 106, 063530 (2022).

[21] Sunny Vagnozzi, Seven hints that early-time new physics
alone is not sufficient to solve the Hubble tension, Universe
9, 393 (2023).

[22] Valerio Marra and Leandros Perivolaropoulos, Rapid tran-
sition of G at 7, ~ 0.01 as a possible solution of the Hubble
and growth tensions, Phys. Rev. D 104, L.021303 (2021).

[23] Rong-Gen Cai, Zong-Kuan Guo, Li Li, Shao-Jiang Wang,
and Wang-Wei Yu, Chameleon dark energy can resolve the
Hubble tension, Phys. Rev. D 103, 1121302 (2021).

[24] Gen Ye, Bin Hu, and Yun-Song Piao, Implication of the
Hubble tension for the primordial Universe in light of recent
cosmological data, Phys. Rev. D 104, 063510 (2021).

[25] Jun-Qian Jiang and Yun-Song Piao, Toward early dark
energy and n, = 1 with Planck, ACT, and SPT observations,
Phys. Rev. D 105, 103514 (2022).

[26] Ze-Yu Peng and Yun-Song Piao, Testing the n; — H) scaling
relation with Planck-independent CMB data, Phys. Rev. D
109, 023519 (2024).

[27] Vivian Poulin, Tristan L. Smith, Tanvi Karwal, and Marc
Kamionkowski, Early dark energy can resolve the Hubble
tension, Phys. Rev. Lett. 122, 221301 (2019).

[28] Florian Niedermann and Martin S. Sloth, New early dark
energy, Phys. Rev. D 103, L041303 (2021).

[29] Florian Niedermann and Martin S. Sloth, Resolving the
Hubble tension with new early dark energy, Phys. Rev. D
102, 063527 (2020).

[30] Gen Ye and Yun-Song Piao, Is the Hubble tension a hint of
AdS phase around recombination?, Phys. Rev. D 101,
083507 (2020).

[31] Edward R. Harrison, Fluctuations at the threshold of
classical cosmology, Phys. Rev. D 1, 2726 (1970).

[32] Ya.B. Zeldovich, A hypothesis, unifying the structure and
the entropy of the universe, Mon. Not. R. Astron. Soc. 160,
1P (1972).

[33] P.J. E. Peebles and J. T. Yu, Primeval adiabatic perturbation
in an expanding universe, Astrophys. J. 162, 815 (1970).

[34] Y. Akrami et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[35] Jun-Qian Jiang, Gen Ye, and Yun-Song Piao, Return of
Harrison-Zeldovich spectrum in light of recent cosmologi-
cal tensions, Mon. Not. R. Astron. Soc. 527, L54 (2024).

[36] William Giare, Fabrizio Renzi, Olga Mena, Eleonora Di
Valentino, and Alessandro Melchiorri, Is the Harrison-
Zel’dovich spectrum coming back? ACT preference for
ns ~1 and its discordance with Planck, Mon. Not. R. Astron.
Soc. 521, 2911 (2023).

[37] Matteo Braglia, William T. Emond, Fabio Finelli, A. Emir
Gumrukcuoglu, and Kazuya Koyama, Unified framework
for early dark energy from a-attractors, Phys. Rev. D 102,
083513 (2020).

[38] Fuminobu Takahashi and Wen Yin, Cosmological implica-
tions of n; = 1 in light of the Hubble tension, Phys. Lett. B
830, 137143 (2022).

L041304-6


https://doi.org/10.1088/1475-7516/2016/10/019
https://doi.org/10.1038/s41550-019-0902-0
https://doi.org/10.1103/PhysRevD.101.043533
https://doi.org/10.1038/s42254-019-0137-0
https://doi.org/10.1016/j.astropartphys.2021.102605
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1088/1361-6382/ac086d
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.newar.2022.101659
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.1016/j.jheap.2022.04.002
https://doi.org/10.1016/j.astropartphys.2021.102604
https://arXiv.org/abs/2209.14732
https://arXiv.org/abs/2401.14170
https://doi.org/10.1103/PhysRevD.101.103517
https://doi.org/10.1093/mnras/stab1200
https://doi.org/10.1093/mnras/stab1200
https://doi.org/10.1093/mnras/stab1588
https://doi.org/10.1093/mnras/stab1588
https://doi.org/10.1103/PhysRevD.105.L021301
https://doi.org/10.1103/PhysRevD.105.L021301
https://doi.org/10.1103/PhysRevD.106.063519
https://doi.org/10.1103/PhysRevD.106.063519
https://doi.org/10.1038/s42005-021-00628-x
https://doi.org/10.3847/1538-4357/ac12cf
https://doi.org/10.1103/PhysRevD.104.063524
https://doi.org/10.1103/PhysRevD.104.063524
https://doi.org/10.1103/PhysRevD.106.063530
https://doi.org/10.3390/universe9090393
https://doi.org/10.3390/universe9090393
https://doi.org/10.1103/PhysRevD.104.L021303
https://doi.org/10.1103/PhysRevD.103.L121302
https://doi.org/10.1103/PhysRevD.104.063510
https://doi.org/10.1103/PhysRevD.105.103514
https://doi.org/10.1103/PhysRevD.109.023519
https://doi.org/10.1103/PhysRevD.109.023519
https://doi.org/10.1103/PhysRevLett.122.221301
https://doi.org/10.1103/PhysRevD.103.L041303
https://doi.org/10.1103/PhysRevD.102.063527
https://doi.org/10.1103/PhysRevD.102.063527
https://doi.org/10.1103/PhysRevD.101.083507
https://doi.org/10.1103/PhysRevD.101.083507
https://doi.org/10.1103/PhysRevD.1.2726
https://doi.org/10.1093/mnras/160.1.1P
https://doi.org/10.1093/mnras/160.1.1P
https://doi.org/10.1086/150713
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1093/mnrasl/slad137
https://doi.org/10.1093/mnras/stad724
https://doi.org/10.1093/mnras/stad724
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1103/PhysRevD.102.083513
https://doi.org/10.1016/j.physletb.2022.137143
https://doi.org/10.1016/j.physletb.2022.137143

RECONCILING EARLY DARK ENERGY WITH ...

PHYS. REV. D 109, L041304 (2024)

[39] Gen Ye, Jun-Qian Jiang, and Yun-Song Piao, Toward
inflation with n; = 1 in light of the Hubble tension and
implications for primordial gravitational waves, Phys. Rev.
D 106, 103528 (2022).

[40] Matteo Braglia, Andrei Linde, Renata Kallosh, and Fabio
Finelli, Hybrid a-attractors, primordial black holes and
gravitational wave backgrounds, J. Cosmol. Astropart.
Phys. 04 (2023) 033.

[41] Chia-Min Lin, D-term inflation in braneworld models: Con-
sistency with cosmic-string bounds and early-time Hubble
tension resolving models, Phys. Rev. D 106, 103511 (2022).

[42] David J. Gross and John H. Sloan, The quartic effective
action for the heterotic string, Nucl. Phys. B291, 41 (1987).

[43] Cristiano Germani and Alex Kehagias, New model of inflation
with non-minimal derivative coupling of standard model
Higgs boson to gravity, Phys. Rev. Lett. 105, 011302 (2010).

[44] Tsutomu Kobayashi, Masahide Yamaguchi, and Jun’ichi
Yokoyama, Generalized G-inflation: Inflation with the most
general second-order field equations, Prog. Theor. Phys.
126, 511 (2011).

[45] C. Deffayet, Xian Gao, D. A. Steer, and G. Zahariade, From
k-essence to generalised Galileons, Phys. Rev. D 84, 064039
(2011).

[46] Shinji Tsujikawa, Observational tests of inflation with a
field derivative coupling to gravity, Phys. Rev. D 85, 083518
(2012).

[47] Chengjie Fu, Puxun Wu, and Hongwei Yu, Primordial black
holes from inflation with nonminimal derivative coupling,
Phys. Rev. D 100, 063532 (2019).

[48] Chengjie Fu, Puxun Wu, and Hongwei Yu, Scalar induced
gravitational waves in inflation with gravitationally en-
hanced friction, Phys. Rev. D 101, 023529 (2020).

[49] P. A.R. Ade er al. (BICEP/Keck Collaboration), Improved
constraints on primordial gravitational waves using
Planck, WMAP, and BICEP/Keck observations through
the 2018 observing season, Phys. Rev. Lett. 127, 151301
(2021).

[50] Swagat S. Mishra and Varun Sahni, Canonical and non-
canonical inflation in the light of the recent BICEP/Keck
results, arXiv:2202.03467.

[51] N. A. Avdeev and A.V. Toporensky, Ruling out inflation
driven by a power law potential: Kinetic coupling does not
help, Gravitation Cosmol. 28, 416 (2022).

[52] Gen Ye and Yun-Song Piao, Improved constraints on
primordial gravitational waves in light of the H|, tension
and BICEP/Keck data, Phys. Rev. D 106, 043536 (2022).

[53] Jun-Qian Jiang, Gen Ye, and Yun-Song Piao, Impact of the
Hubble tension on the r-n, contour, arXiv:2303.12345.

[54] Keisuke Harigaya, Masahiro Ibe, Kai Schmitz, and Tsutomu
T. Yanagida, Chaotic inflation with a fractional power-law
potential in strongly coupled gauge theories, Phys. Lett. B
720, 125 (2013).

[55] Keisuke Harigaya, Masahiro Ibe, Kai Schmitz, and Tsutomu
T. Yanagida, Dynamical chaotic inflation in the light of
BICEP2, Phys. Lett. B 733, 283 (2014).

[56] Keisuke Harigaya, Masahiro Ibe, Kai Schmitz, and Tsutomu
T. Yanagida, Dynamical fractional chaotic inflation, Phys.
Rev. D 90, 123524 (2014).

L041304-7


https://doi.org/10.1103/PhysRevD.106.103528
https://doi.org/10.1103/PhysRevD.106.103528
https://doi.org/10.1088/1475-7516/2023/04/033
https://doi.org/10.1088/1475-7516/2023/04/033
https://doi.org/10.1103/PhysRevD.106.103511
https://doi.org/10.1016/0550-3213(87)90465-2
https://doi.org/10.1103/PhysRevLett.105.011302
https://doi.org/10.1143/PTP.126.511
https://doi.org/10.1143/PTP.126.511
https://doi.org/10.1103/PhysRevD.84.064039
https://doi.org/10.1103/PhysRevD.84.064039
https://doi.org/10.1103/PhysRevD.85.083518
https://doi.org/10.1103/PhysRevD.85.083518
https://doi.org/10.1103/PhysRevD.100.063532
https://doi.org/10.1103/PhysRevD.101.023529
https://doi.org/10.1103/PhysRevLett.127.151301
https://doi.org/10.1103/PhysRevLett.127.151301
https://arXiv.org/abs/2202.03467
https://doi.org/10.1134/S0202289322040028
https://doi.org/10.1103/PhysRevD.106.043536
https://arXiv.org/abs/2303.12345
https://doi.org/10.1016/j.physletb.2013.01.058
https://doi.org/10.1016/j.physletb.2013.01.058
https://doi.org/10.1016/j.physletb.2014.04.057
https://doi.org/10.1103/PhysRevD.90.123524
https://doi.org/10.1103/PhysRevD.90.123524

