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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 Planckþ BICEP=Keck data in the
standard Λ-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 Λ-cold-dark matter (ΛCDM)
might be cracked by the 5σ H0 tension [1–8], 2 ∼ 3σ S8
tension [7–9], and recently discovered∼3σ δH0 tension [10]
and 3 ∼ 7σ aB tension [11]. Depending on how the source
of discrepancy is recognized, the H0 tension can be
equivalently reformulated as the rs tension [1–4] or MB
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 rs alone without altering the post-
recombination history tend to increase the Hubble constant
H0 at a price of increasing the scalar spectrum index ns,
δns ≃ 0.4ðδH0=H0Þ ≃ −0.4ðδrs=rsÞ [24–26]. For example,
fitting the original early dark energy (EDE) model for
an axionlike potential with the most preferable n ¼ 3 case
to the full Planckþ baryon acoustic oscillation ðBAOÞ þ
PantheonþH0 dataset gives rise to the mean (best-fit) value
�1σ error asns ¼ 0.9812ð0.9880Þ � 0.0080 [27]. Similarly,
fitting the newEDEmodel [28] to an almost the same dataset

increases ns ¼ 0.9889ð0.9912Þþ0.0067
−0.0066 [29]. More extremal

case comes from an early anti–de Sitter (AdS) phase of EDE
that uplifts ns ¼ 0.9976ð0.9974Þþ0.0046

−0.0045 [30]. It seems that a
full reconciliation of the 5σ H0 tension seems to prefer
a primordial Harrison-Zeldovich universe with a scale-
invariant scalar spectrum index ns ¼ 1 [31–33].
However, the Planck data alone has already ruled out

decisively the Harrison-Zeldovich spectrum at 6 ∼ 8σ
confidence level [34] if the ΛCDM model is assumed
throughout the cosmic history. What turns out unusually
surprising is that both the axionlike EDE and AdS-EDE
models with ns ¼ 1 prior fit the Planckþ BAOþ
PantheonþH0 dataset better than the ΛCDM model with
the Bayes ratio Δ lnB ≃ 10 [35], while the absence of the
local H0 prior from the above dataset turns out the other
way around with moderate evidence Δ lnB ≃ −1 ∼ −3
against the ns ¼ 1 EDE scenario. This is different from
otherH0-solution models adopting a localH0 prior for data
analysis simply to compromise between the global and local
H0 measurements without actually improving the Bayes
ratio. Furthermore, adding other ground-based cosmic
microwave background (CMB) polarization datasets would
even enlarge the Bayes ratio toΔ lnB ≃ 15 for the preference
of ns ¼ 1 [35]. This is not surprising as with these ground-
based CMB polarization data alone, the ΛCDM model
already favors ns ¼ 1 over ns ∼ 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 ns ≃ 1 −
Oð1Þ=N� → 1 would require a much longer e-folding

*Corresponding author: schwang@itp.ac.cn
†fucj@ahnu.edu.cn

PHYSICAL REVIEW D 109, L041304 (2024)
Letter

2470-0010=2024=109(4)=L041304(7) L041304-1 © 2024 American Physical Society

https://orcid.org/0000-0003-4378-870X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.L041304&domain=pdf&date_stamp=2024-02-27
https://doi.org/10.1103/PhysRevD.109.L041304
https://doi.org/10.1103/PhysRevD.109.L041304
https://doi.org/10.1103/PhysRevD.109.L041304
https://doi.org/10.1103/PhysRevD.109.L041304


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

S¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

Pl

2
R−

1

2
ðgμν−ξGμνÞ∇μϕ∇νϕ−V

�
; ð1Þ

where MPl ¼ 1=
ffiffiffiffiffiffiffiffiffi
8πG

p
is the reduced Planck mass, Gμν is

the Einstein tensor, and ξ is a coupling constant with mass−2

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 ξ, 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 VðϕÞ
with the CMBobservations [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-Lemaître-Robertson-Walker uni-
verse, characterized by ds2 ¼ −dt2 þ aðtÞ2δijdxidxj, the
background dynamics for the NDC model is determined
by the field equations,

3M2
PlH

2 ¼ 1

2
ð1þ 9ξH2Þϕ̇2 þ VðϕÞ; ð2Þ

ð1þ 3ξH2Þϕ̈þ �
1þ ξ

�
2Ḣ þ 3H2

��
3Hϕ̇þ V;ϕ ¼ 0; ð3Þ

where V;ϕ ¼ dV=dϕ, and the overdot symbol denotes the
derivative with respect to the cosmic time t. In the context of
the slow-roll inflation, it is convenient to introduce the slow-
roll parameters,

ϵ ¼ −
Ḣ
H2

; δϕ ¼ ϕ̈

Hϕ̇
;

δX ¼ ϕ̇2

2M2
PlH

2
; δD ¼ ξϕ̇2

4M2
Pl

; ð4Þ

to characterize the background evolutions. During the slow-
roll inflation, it is required that ϵ, jδϕj, δX, and jδDj ≪ 1. This
allows us to simplify field equations as

3M2
PlH

2 ≃ VðϕÞ; ð5Þ

3HAϕ̇þ V;ϕ ≃ 0; ð6Þ

with an abbreviation

A ¼ 1þ 3ξH2: ð7Þ

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

ϵ ≃ δX þ 6δD ≃
ϵV
A

ð8Þ

to the usual first potential slow-roll parameter

ϵV ¼ M2
Pl

2

	
V;ϕ

V



2

: ð9Þ

The field value ϕe that terminates the slow-roll inflation is
ascertained by fulfilling the condition ϵðϕeÞ ¼ 1, namely
ϵVðϕeÞ½1þ ξM−2

Pl VðϕeÞ�−1 ¼ 1. Hence, the e-folding num-
ber N from some moment during slow-roll inflation to the
end of inflation can be approximated as

NðϕÞ ¼
Z

ϕe

ϕ

H
˙̃ϕ
dϕ̃≃

1

M2
Pl

Z
ϕ

ϕe

ð1þ ξM−2
Pl Vðϕ̃ÞÞ

Vðϕ̃Þ
V;ϕ̃

dϕ̃:

ð10Þ

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

R̈k þ
	
3H þ Q̇s

Qs



Ṙk þ

c2sk2

a2
Rk ¼ 0; ð11Þ

where the abbreviations

Qs ¼
w1ð4w1w3 þ 9w2

2Þ
3w2

2

; ð12Þ
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c2s ¼
3ð2w2

1w2H − w2
2w4 þ 4w1ẇ1w2 − 2w2

1ẇ2Þ
w1ð4w1w3 þ 9w2

2Þ
ð13Þ

are defined from

w1 ¼ M2
Plð1 − 2δDÞ;

w2 ¼ 2HM2
Plð1 − 6δDÞ;

w3 ¼ −3H2M2
Plð3 − δX − 36δDÞ;

w4 ¼ M2
Plð1þ 2δDÞ: ð14Þ

Under the slow-roll approximation, one can deduce that
Qs ≃M2

PlϵV=A and c2s ¼ 1 −OðϵÞ. The power spectrum
and the spectral index for the curvature perturbations,
evaluated at csk ¼ aH, can be estimated as

PR ¼ H2

8π2Qsc3s
≃

V3

12π2M6
PlV

2
;ϕ

ð1þ ξM−2
Pl VÞ; ð15Þ

ns − 1 ¼ d lnPR

d ln k
≃ −

1

A

�
2ϵV

	
4 −

1

A



− 2ηV

�
; ð16Þ

respectively, with the use of the second potential slow-roll
parameter ηV ¼ M2

PlV;ϕϕ=V.
We finally turn to the perturbative dynamics [46] for the

tensor perturbations hij. After expanded in terms of two
independent transverse traceless basis tensors,

hijðt; xÞ ¼
X
A¼�

Z
d3k

ð2πÞ3=2 h
A
k ðtÞeAijðkÞeik·x; ð17Þ

with eAijðkÞeA0
ij ðkÞ ¼ 2δAA0 , its Fourier modes hAk obey

ḧAk þ
	
3H þ Q̇t

Qt



ḣAk þ c2t k2

a2
hAk ¼ 0; ð18Þ

with

Qt ¼ w1=4 ¼ M2
Plð1 − 2δDÞ=4; ð19Þ

c2t ¼ w4=w1 ¼ 1þ 4δD þOðϵ2Þ: ð20Þ

The tensor power spectrum evaluated at ctk ¼ aH reads

PT ¼ H2

2π2Qtc3t
≃

2V
3π2M4

Pl

: ð21Þ

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

r ¼ PR

PT

����
k≃aH

≃
16ϵV
A

: ð22Þ

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,

VðϕÞ ¼ λM4−p
Pl ϕp; ð23Þ

where the dimensionless parameter λ 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 γ ≡ λξM2

Pl 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 ΛCDM 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 ξ [51]. The negative coupling ξ 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 ξ 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
ϵV ¼ ðp2=2Þðϕ=MPlÞ−2 and ηV ¼ pðp − 1Þðϕ=MPlÞ−2 into
Eq. (16) renders the scalar spectral index as

ns ≃ 1 −
p
A

	
2p −

p
A

þ 2


	
ϕ

MPl



−2
; ð24Þ

which can be extremely scale invariant ns ¼ 1 at the CMB
scale as long as the condition ð2p − p=A� þ 2Þ ¼ 0 is
imposed. Here the quantity with subscript � is specifically
evaluated at ϕ ¼ ϕ� when the CMB scale exits the horizon.
Hence, we require

A� ¼
p

2ðpþ 1Þ : ð25Þ

It is easy to see that 0 < A� < 1 holds true for any positive
potential power p > 0, thus ξ must be negative to ensure
A� ¼ 1þ 3ξH2� < 1. Then, as our Universe inflates with a
slowly decreasing H, a negative ξ would further enlarge
A ¼ 1þ 3ξH2 from a positive A� > 0 so that A > 0

namely Qs ≃M2
PlϵV=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
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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 ϕ� by

N� ≃
pþ 2A

2pðpþ 2Þ
	

ϕ

MPl



2
����
ϕ�

ϕe

≃
pþ 2A�
2pðpþ 2Þ

	
ϕ�
MPl



2

;

≃
1

2ðpþ 1Þ
	
ϕ�
MPl



2

; ð26Þ

where we have used Eqs. (5), (7), and (25) as well as the
fact ϕ� ≫ ϕe. Combining (25) with (26), the tensor-to-
scalar ratio at the CMB scale can be estimated as

r ¼ 8p
N�

: ð27Þ

Drawing from Eqs. (5), (7), (25), and (26), we can further
estimate the rescaled coupling constant γ as

γ ¼ −
pþ 2

½2ðpþ 1Þ�p=2þ1

1

Np=2
�

: ð28Þ

Finally, we arrive at presenting our numerical results
based on solving the intertwined background Eqs. (2)
and (3) alongside the perturbation Eqs. (11) and (18).
Taking p ¼ 2=5 for a simple illustration, the theoretical
computation (28) for the rescaled coupling constant yields
γ ¼ −0.308 from setting N� ¼ 60, which also fixes ϕ� ¼
12.962MPl by Eq. (26), aligning closely with the exact
numerical determination ϕ� ¼ 12.697MPl. This concur-
rence can be attributed to the fact that the slow-roll
conditions fϵ; jδϕj; δX; jδDjg ≪ 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 ð1þ 9ξH2Þ
emerges as negative at the onset of inflation. This

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 ð1þ 9ξH2Þ
evolution as illustrated in Fig. 2 for p ¼ 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
ð1þ 9ξH2Þ nearly coincides with the end of inflation, as
illustrated in Fig. 2, which also includes the cases for
p ¼ 1=5 with γ ¼ −0.558 and p ¼ 1=10 with γ ¼ −0.748.
Before confronting our model with CMB observations,

we have to further check whether our analytical analysis for
achieving ns ¼ 1 is reliable. It turns out that the exact
numerical calculations for the example prementioned give
rise to ns ¼ 0.9958 and r ¼ 0.051 at the CMB scale, which
are nicely consistent with their theoretical counterparts
ns ¼ 1 and r ¼ 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 ns − r plane as a function of the effective
coupling γ involving a negative NDC ξ for our NDC model
with a chaotic potential for three illustrative powers p ¼
2=5; 1=5; 1=10, where the corresponding effective coup-
lings range within −0.3114 ≤ γ ≤ 0, −0.5652 ≤ γ ≤ 0,
and −0.75798 ≤ γ ≤ 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
2018þ BICEP=Keckþ BAOþ Pantheon for the ΛCDM
model [49], AdS-EDE model [52], and axionlike EDE
model (with an equivalentH0 prior) [13,14], respectively. It
is evident from Fig. 3 that, with decreasing the effective

FIG. 1. The evolution of the slow-roll parameters defined in
Eq. (4) as a function of the e-folding number N.

FIG. 2. The evolution of the correction factor in the kinetic
term, ð1þ 9ξH2Þ, as a function of the e-folding number N in
the cases of p ¼ 2=5 (solid line), p ¼ 1=5 (dashed line), and
p ¼ 1=10 (dash-dot line).
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coupling γ, the scalar spectral index becomes close to the
scale-invariant case ns ¼ 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 CMBþ BAOþ SNeþH0 with
higher Bayes evidence than the standard ΛCDM does, but
without the local H0 prior, these EDE models show no
preference over the standard ΛCDM. 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, VðϕÞ ∝ ϕp, that
has already been ruled out in the standard ΛCDM. 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 tensionwould necessarilyworsen theS8 tension, thus
calling for late Universe modifications at the same time to
reduce the S8 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.
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FIG. 3. The ns − r predictions for our NDC model with a negative NDC coupling ξ and a power-law chaotic potential
VðϕÞ ¼ λM4−p

Pl ϕp. The effective coupling γ ≡ λξM2
Pl varies between −0.3114 ≤ γ ≤ 0, −0.5652 ≤ γ ≤ 0, and −0.75798 ≤ γ ≤ 0

for p ¼ 2=5; 1=5; 1=10, respectively, with the lower bound of γ corresponding to an exact scale-invariant case ns ¼ 1 as shown with a
gray solid line. The triangle points are associated with the adopted values of γ obtained from our analytic estimation (28), while the
dotted points are the corresponding minimal coupling case with γ ¼ 0. The shaded regions depict 68% and 95% C.L. contours of ns − r
for the ΛCDM model (orange shaded) [49], the AdS-EDE model (purple shaded) [52], and the axionlike EDE (axiEDE) model (blue
shaded) [13,14] with an equivalent H0 prior from the SH0ES calibration on the absolute magnitude MB of type Ia supernovae.
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