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Primordial null energy condition (NEC) violation would imprint a blue-tilted spectrum on gravitational
wave background (GWB). However, its implications on the GWB might be far richer than expected. We
present a scenario, in which after a slow-roll (NEC-preserving) inflation with Hubble parameterH ≃Hinf1,
the Universe goes through an NEC-violating period and then enters subsequent slow-roll inflation with a
higher H (¼ Hinf2 ≫ Hinf1). The resulting primordial gravitational wave spectrum is nearly flat at the
cosmic microwave background band, as well as at the frequency f ∼ 1=yr but with higher amplitude
(compatible with the recent NANOGrav result). It is also highlighted that for the multistage inflation if the
NEC violations happened intermittently, we might have a Great Wall–like spectrum of the stochastic GWB
at the corresponding frequency band.
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I. INTRODUCTION

The primordial gravitational wave background (GWB)
[1,2] with a broad frequency-band (10−18–1010 Hz) carries
rich information about the early Universe. It is usually
thought that its detection will not only solidify our con-
fidence in inflation, but also offer us an unparalleled probe to
the physics related to the cosmological (non)singularity, in
which the null energy condition (NEC) violation might play
a significant role [3–13], and the UV-complete gravity
theory.
The primordial gravitational waves (GWs) at the ultra-

low frequency band (10−18–10−16 Hz) would induce the
B-mode polarization in the cosmic microwave background
(CMB). The search for the primordial GWs with CMB
has been still in progress. The pulsar timing array (PTA)
experiments focus on GWB at frequencies f ∼ 1=yr
(∼10−8 Hz). Recently, based on the 12.5-yr data analysis,
the NANOGrav Collaboration reported evidence for a
stochastic common-spectrum process [14], which might
be interpreted as a stochastic GWB with a spectrum tilt
−1.5≲ nT ≲ 0.5; see [15–18] for the implications of
NANOGrav’s result in inflation. The current bound on
GWB at CMB band indicates a tensor-to-scalar ratio
r≲ 0.06 [19]. Therefore, only if the primordial GWs have

a blue-tilted spectrum, it is able to be detected by the
experiments and detectors at other frequency bands.
It is well known that for inflation, if initially the GW

modes sit in the Bunch-Davis state (or, e.g., [16,20]), a
blue-tilted spectrum suggests that the corresponding infla-
tion is inevitably NEC-violating, i.e., Tμνnμnν < 0, which
corresponds to _H > 0, namely, super-inflation1 [21–24].
The NEC-violating inflation may be performed stably with
the Galileon theory [25,26] and the effective field theory
(EFT) of inflation [27,28]. If initially the NEC is violated
drastically ( _H ≫ H2), it is also possible that our Universe
is asymptotically Minkowskian and slowly expanding in
infinite past [21]. In such scenarios, the hot “big bang”
evolution or inflation starts after the end of the slow
expansion or Genesis [29–44]. Based on the beyond-
Horndeski EFT (see, e.g., [45,46] for reviews), the
Genesis could be implemented without pathologies (includ-
ing instabilities and superluminality) [8–13].
Inspired by current (and upcoming) experiments search-

ing for GWB, it is significant to resurvey the imprints of
NEC violation on stochastic GWB. Recently, a scenario in
which the superinflation is followed by a slow-roll (NEC-
preserving) inflation has been proposed in [17], which
yields a large stochastic GWB with nT ≃ 0.9 at the PTA
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1In this paper, the term superinflation is used for the accelerated
expansion in which ϵ¼− _H=H2<0, since ä=a¼H2ð1−ϵÞ.
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band. But the spectrum of scalar perturbations, i.e., Ps, is
highly blue tilted too, since ns − 1 ≃ nT . Consequently,
other fields must be responsible for the density perturbation
at the CMB band. However, it is possible that a slow-roll
(NEC-preserving) inflation with H ¼ Hinf1, which results
in Ps ∼H2

inf1=ϵ ∼ 10−9 at the CMB band, happened before
the NEC-violating phase, which is subsequently followed
by a slow-roll inflation with a higher scale Hinf2 ≫ Hinf1.
In Refs. [47,48], such a low-scale inflation is regarded as
current accelerated expansion with H2

inf1 ∼ Λ. The con-
sistent joint of an NEC-preserving spacetime to an NEC-
violating phase is also explored in Ref. [49]; see also [50].
In this paper, we investigate the possibility of a short

NEC violation during the NEC-preserving inflation. In this
scenario, the low-scale inflation prior to NEC violation is
responsible for the density perturbation on large scales.
We calculate the corresponding primordial GW spectrum.
Specially, we highlighted that for the multistage (NEC-
preserving) inflation, if the NEC violations happened
intermittently, a Great Wall–like landscape of primordial
GW spectrum at the full frequency band will present.

II. OUR SCENARIO

A. Intermittent NEC violation during inflation

In our scenario (see Fig. 1), initially the field ϕ
(canonical scalar field) slowly rolls down a nearly flat
potential, i.e., _ϕ2 ≪ VðϕÞ ≈ Vinf1, which results in the
slow-roll (NEC-preserving) inflation. In the NEC-violating
phase, ϕ climbs up the potential rapidly so that _H > 0.
After ϕ arrives at another nearly flat region of the potential
but with higher energy, i.e., Vinf2 ≫ Vinf1, the slow-roll
inflation restarts again.

We present a model as follows:

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
M2

p

2
R −M2

pg1ðϕÞX=2

þ g2ðϕÞX2=4 −M4
pVðϕÞ

�
; ð1Þ

where X ¼ ∇μϕ∇μϕ. Here, the Galileon operator □ϕ ¼
∇μ∇μϕ is not required2; see also, e.g., [11,51,52]. The
corresponding background equations are

3H2M2
p ¼ M2

p

2
g1 _ϕ

2 þ 3

4
g2 _ϕ

4 þM4
pV; ð2Þ

_HM2
p ¼ −

M2
p

2
g1 _ϕ

2 −
1

2
g2 _ϕ

4; ð3Þ

0 ¼
�
g1 þ

3g2 _ϕ
2

M2
p

�
ϕ̈þ 3g1H _ϕþ 1

2
g1;ϕ _ϕ

2 þ 3g2H _ϕ3

M2
p

þ 3g2;ϕ _ϕ
4

4M2
p

þM2
pV;ϕ; ð4Þ

where “;ϕ¼ d=dϕ.” Only two of Eqs. (2)–(4) are
independent.
In the NEC-preserving regimes, we require g1ðϕÞ ¼ 1,

g2ðϕÞ ¼ 0 and the potential is nearly flat (see Fig. 1),
so that the scalar filed ϕ is canonical and the slow-roll
inflation (0 < ϵ ¼ − _H=H2 ≪ 1) can happen. In Fig. 1,

Vinf1 ≃m2ϕ2=2, Vinf2 ≃ λ½1 − ðϕ−ϕ1Þ2
σ2

�2 and Vinf2 ≫ Vinf1.

In the NEC-violating regime, we set g1ðϕÞ≈− f1e2ϕ

1þf1e2ϕ
<0

and g2ðϕÞ ¼ f2 with f1;2 being dimensionless constants.
The coefficient of ϕ̈ in Eq. (4), i.e., g1 þ 3g2 _ϕ

2=M2
p, is

positive throughout so that there is no ghost instability;
see Appendix. The scalar field ϕ will climb up the
potential rapidly (H ≪ _ϕ < Mp) and arrive at the flat

region V ¼ Vinf2, as long as the condition 1
2
g1;ϕ _ϕ

2 þ
M2

pV;ϕ < 0 lasts for sufficiently long time. We require
ϵ ≪ −1, i.e., H2 ≪ _H. According to Eq. (2), considering
_ϕ2 ≫ V;H2, we have M2

p

2
g1 _ϕ

2 þ 3
4
g2 _ϕ

4 ≈ 0, which sug-

gests e2ϕ ∼ _ϕ2 for ϕ < 0. Thus, _ϕ is approximately

_ϕ ≃
1

ðt� − tÞ ; t < t�: ð5Þ

According to Eq. (3), we have _H ∼ _ϕ4; hence,

FIG. 1. A sketch of our scenario: a slow-roll (NEC-
preserving) inflation occurred before the NEC-violating phase,
which is subsequently followed by the slow-roll (NEC-
preserving) inflation with a higher scale Hinf2 ≫ Hinf1. The
potential VðϕÞ given by Eq. (9) is plotted with logarithmic
coordinates on the vertical axis.

2See, e.g., Ref. [17], for the case in which X□ϕ instead of X2 is
used to realize the NEC violation.
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H ∼
1

ðt� − tÞ3 þ const: ð6Þ

When t ≪ t�, we have H ≃ const ¼ Hinf1, which suggests
that the NEC-violating phase has the chance to start after a
slow-roll inflation.
As a phenomenological example, we set

g1ðϕÞ¼
1

1þeq2ðϕ−ϕ3Þ−
f1e2ϕ

1þf1e2ϕ
þ 2

1þe−q1ðϕ−ϕ0Þ ; ð7Þ

g2ðϕÞ ¼
f2

1þ e−q2ðϕ−ϕ3Þ
1

1þ eq3ðϕ−ϕ0Þ ; ð8Þ

VðϕÞ ¼ 1

2
m2ϕ2

1

1þ eq2ðϕ−ϕ2Þ

þ λ

�
1 −

ðϕ − ϕ1Þ2
σ2

�
2 1

1þ e−q4ðϕ−ϕ1Þ ; ð9Þ

where λ,m,f1;2, andq1;2;3;4 are positive constants.We require
that ϕ3 < ϕ2 < 0 < ϕ1 < ϕ0. Here, for ϕ ≪ ϕ3, we have
g1 ¼ 1, g2 ¼ 0, andV ¼ Vinf1 ≃m2ϕ2=2, while forϕ≫ϕ0,

we have g1¼1, g2¼0, and V¼Vinf2≃λ½1− ðϕ−ϕ1Þ2
σ2

�2.
We solve Eqs. (3) and (4) numerically. The initial

value of H is set as Hini ≃Hinf1 ¼ 1.29 × 10−5Mp at
t ¼ tini ¼ 0, so that the “inf1” is responsible for the scalar
perturbations on the CMB band, which indicates that
Ps ≃ 1

2M2
pϵinf1

ðHinf1

2π Þ2 ≈ 2.1 × 10−9 for ϵinf1 ¼ 0.001.

We plot the evolutions of ϕ and _ϕ in Fig. 2. We can see
that in the slow-roll (NEC-preserving) regimes, _ϕ ≪ H,
the field ϕ rolls slowly. In the NEC-violating regime,
H ≪ _ϕ < Mp, so that the field can rapidly climb up the

potential V ¼ Vinf2. We plot the evolutions of H and ϵ in
Fig. 3. During the slow-roll (NEC-preserving) phases
(0 < ϵ ≪ 1), we have H ≃ const, which is intervened by
an NEC-violating phase ( _H > 0 and ϵ ≪ −1). Due to the
NEC-violating evolution, we have

Hinf2=Hinf1 ≃ 103 ≫ 1: ð10Þ

B. Primordial GW spectrum

In this subsection, we calculate the spectrum of primor-
dial GWs. Generally, for the tensor perturbation γij, we
have3

Sð2Þγ ¼ M2
p

8

Z
d4xa3

�
_γ2ij −

ð∂kγijÞ2
a2

�
: ð11Þ

In the momentum space, we have

γijðτ;xÞ ¼
Z

d3k
ð2πÞ3 e

−ik·x
X
λ¼þ;×

γ̂λðτ;kÞϵðλÞij ðkÞ; ð12Þ

where γ̂λðτ;kÞ¼ γλðτ;kÞaλðkÞþγ�λðτ;−kÞa†λð−kÞ, ϵðλÞij ðkÞ
satisfies kjϵ

ðλÞ
ij ðkÞ ¼ 0, ϵðλÞii ðkÞ ¼ 0, ϵðλÞij ðkÞϵ�ðλ

0Þ
ij ðkÞ ¼

δλλ0 , and ϵ�ðλÞij ðkÞ ¼ ϵðλÞij ð−kÞ; aλðkÞ and a†λðk0Þ satisfy

½aλðkÞ; a†λ0 ðk0Þ� ¼ δλλ0δ
ð3Þðk − k0Þ. The equation of motion

for γλðτ; kÞ is

(a) (b)

FIG. 2. Left: the evolution of ϕ with respect to t. Here, ϕbottom and ϕtop correspond to the bottom and top of the potential in Fig. 1,
respectively. Right: the evolution of _ϕ=Mp and _ϕ=H. During the NEC-violating phase, which approximately corresponds to
730084 < t < 730328, H ≪ _ϕ < Mp is satisfied. We set ϕðtiniÞ ¼ −7, _ϕðtiniÞ ¼ 0, tini ¼ 0, ϕ0 ¼ 3.2, ϕ1 ¼ 2, ϕ2 ¼ −4, ϕ3 ¼ −4.38,
q1 ¼ 10, q2 ¼ 6, q3 ¼ 10, q4 ¼ 4, f1 ¼ 1, f2 ¼ 40, λ ¼ 0.01, σ ¼ 23, and m ¼ −4.5 × 10−6.

3Here, the propagating speed of GWs is cT ¼ 1 (or see, e.g.,
[53–58]).
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d2uk
dτ2

þ
�
k2 −

a00

a

�
uk ¼ 0; ð13Þ

where uk ¼ γλðτ; kÞaMp=2 and τ ¼ R a−1dt.
In Sec. II A, we have shown that a model of our

scenario can be constructed. Here, for simplicity, we
assume that ϵ ≈ const ≪ −1 during the NEC-violating
phase, which requires some delicate design of g1, g2,
and V. Around the beginning or the end of the NEC-
violating phase, the detailed variation of ϵ may make
some model-dependent contributions. However, for our
purpose, the simplification will not make a qualitative
difference.
Henceforth, we assume that the epoch of “inflation”

consists of different phases with ϵj¼− _Hj=H2
j ¼ 3

2
ð1þwjÞ≃

const, where wj is the state parameter. We have [59]

ajðτÞ ∼ ðτR;j − τÞ 1
ϵj−1; ð14Þ

for the jth phase, where τR;j ¼ τj − ðϵj − 1Þ−1H−1ðτjÞ and
aðτjÞ is set by requiring the continuity of a at the end of
phase j (i.e., τ ¼ τj). As a result, we have

a00j
aj

¼ ν2j − 1=4

ðτ − τR;jÞ2
; ð15Þ

where νj ¼ 3
2
j 1−wj

1þ3wj
j. Regarding the phases j and jþ 1 as

adjacent phases, we have the solutions to Eq. (13) as

uk;jðτÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πðτR;j − τÞp

2

n
αjH

ð1Þ
νj ½kðτR;j − τÞ�

þ βjH
ð2Þ
νj ½kðτR;j − τÞ�

o
; ðτ < τjÞ; ð16Þ

uk;jþ1ðτÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πðτR;jþ1 − τÞp

2

n
αjþ1H

ð1Þ
νjþ1

½kðτR;jþ1 − τÞ�

þ βjþ1H
ð2Þ
νjþ1

½kðτR;jþ1 − τÞ�
o
; ðτ > τjÞ;

ð17Þ

respectively, where αjðjþ1Þ and βjðjþ1Þ are k-dependent
coefficients. Using the matching conditions uk;jðτjþ1Þ ¼
uk;jþ1ðτjþ1Þ and u0k;jðτjþ1Þ ¼ u0k;jþ1ðτjþ1Þ, we have

�
αjþ1

βjþ1

�
¼MðjÞ

�
αj

βj

�
; whereMðjÞ ¼

 
MðjÞ

11 MðjÞ
12

MðjÞ
21 MðjÞ

22

!
:

ð18Þ

See Refs. [59,60] for the matrix elements of MðjÞ. The
information of the 1; 2 � � � jth phases of the Universe has
been encoded fully in the Bogoliubov coefficients αjþ1 and
βjþ1. We set the initial state as the Bunch-Davies vacuum
(see also [61–65] for preinflationary bounce), i.e.,
uk ¼ 1ffiffiffiffi

2k
p e−ikτ. Thus, jα1j ¼ 1, jβ1j ¼ 0.

In the following, we focus on the scenario in Fig. 1.
Regarding inf1, NEC-violating and “inf2” phases as the
j ¼ 1, 2, 3th phases, respectively, we have

uk;3ðτÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πðτR;3 − τÞp

2

n
α3H

ð1Þ
3=2½kðτR;3 − τÞ�

þ β3H
ð2Þ
3=2½kðτR;3 − τÞ�

o
; ð19Þ

where ν3 ≃ 3=2 for de Sitter expansion. On super-

horizon scale, we have Hð1Þ
3=2ð−kτÞ ¼ −Hð2Þ

3=2ð−kτÞ ≈
−kτ→0

−
i
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=ð−πk3τ3Þ

p
. The resulting spectrum of primordial

GWs is

(a) (b)

FIG. 3. Left: the evolution of H. Right: the evolution of ϵ ¼ − _H=H2. We have 0 < ϵ ≪ 1 during slow-roll inflations and ϵ ≪ −1
during NEC-violating superinflation.
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PT ¼ 4k3

π2M2
p
·
juk;3j2
a2

¼ PT;inf2jα3 − β3j2; ð20Þ

where

�
α3

β3

�
¼ Mð2ÞMð1Þ

�
α1

β1

�
; ð21Þ

PT;inf2 ¼ 2H2
inf2

M2
pπ

2 ; Mð1Þ and Mð2Þ are given by Eq. (18). The

information of inf1, NEC-violating and inf2 phases has
been encoded in the Bogoliubov coefficients α3 and β3.

C. Primordial GWB at low-frequency band

It is interesting to connect PT in (20) with the observa-
tions of stochastic GWB at low-frequency bands. The
BICEP/Keck+Planck bound at CMB band is r≲ 0.06 [19],
which corresponds to PT ≲ 10−10. The analysis result of
NANOGrav 12.5-yr data [14], if regarded as the stochastic
GWB (see inspired studies, e.g., [15,16,18,66–80]), sug-
gests ΩGW ∼ 10−9 with the tilt −1.5≲ nT ≲ 0.5, where

ΩGWðτ0Þ ¼
k2

12a20H
2
0

PTðkÞ
"
3Ωmj1ðkτ0Þ

kτ0

×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1.0þ 1.36

k
keq

þ 2.50

�
k
keq

�
2

s #
2

ð22Þ

is the energy density spectrum of GWs; see, e.g., [81] (see
also [82–85]). Here, 1=keq is the comoving Hubble scale
at matter-radiation equality, and Ωm ¼ ρm=ρc and ρc ¼
3H2

0=ð8πGÞ is the critical energy density.
According to (20), we plot PT and ΩGW in Fig. 4

(f ¼ k=ð2πa0Þ). We set H1 ¼ 1.29 × 10−5, which corre-
sponds to Ps ∼ 2.1 × 10−9 for ϵ1 ¼ 0.001 and H3 ∼ 10−2;

w1 ≳ −1 and w3 ≳ −1 for the slow-roll inflations, while
w2 ≲ −10 for the NEC-violating phase. We see that the
yielded power spectrum of primordial GWs has a nearly flat
amplitude at the CMB band and also a higher nearly flat
amplitude at the PTA band. Here, the NEC-violating
regime contributes the upward section of PT , in which
the spectrum has a blue tilt nT ≃ 2 (since ϵ ≪ −1).
Therefore, our scenario not only explains the result reported
by the NANOGrav Collaboration, but also has a detectable
signal r ∼ 0.01 in the CMB.

D. Multistage inflation with NEC violations

The multistage inflation model (see, e.g., earlier
Refs. [86–90]; see also, e.g., [91] for recent study), in
which a sequence of short inflations are interrupted by
short periods of decelerated expansions with w > −1=3, is
interesting, since it helps to make the EFT of inflation UV
complete [92–97]. Usually, in such a scenario, a high-scale
inflation is followed by a sequence of low-scale inflations.
However, it might be also possible that a sequence of short
inflations (w≳ −1) are interrupted by short periods of not
only decelerated expansions with w > −1=3 but also
superinflation or Genesis with w < −1, so that the scales
of subsequent short (NEC-preserving) inflations might be
higher; see, e.g., Fig. 1.
According to Eqs. (17), (18), and (20), for a multistage

scenario of inflation in which a sequence of short slow-
roll inflations (w≳ −1) are interrupted by lots of short
periods of expansions with w > −1=3 and w < −1 (NEC
violation), we can write the spectrum PT of primordial
GWs as

PT ¼ Pinf
T;l jαl − βlj2 ¼

2H2
l

M2
pπ

2
jαl − βlj2; ð23Þ

where

(a) (b)

FIG. 4. Left: PT . Right: ΩGWh2, where h ¼ H0=ð km=s=MpcÞ.
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�
αl

βl

�
¼
Yl
j¼1

MðjÞ
�
α1

β1

�
; ð24Þ

and “l” labels the last short slow-roll inflations. The
frequency band of stochastic GWB yielded is

10−18 Hz≲ f ≲ exp

�Xl
j¼1

Nj

�
10−18 Hz; ð25Þ

where Nj ≡ ln aj;eHj;e

aj;iniHj;ini
is the e-folds number of the pertur-

bation modes passing through the jth phase. Note that
Nj < 0 for the decelerated expansion (w > −1=3).
According to (23), we plot PT=P

inf
T;l in Fig. 5(a) for a

multistage scenario of inflation with short periods of slow-
roll inflations (j ¼ 1, 3, 5, 7, 9) with different Hj. The
panorama of PT at corresponding GW frequency band
looks like the Great Wall, see Fig. 5(b), in which the nearly
flat roads correspond to GWB yielded by short slow-roll
(NEC-preserving) inflations, the upward and downward
slopes correspond to the NEC-violating expansions

(w < −1) and decelerated expansions (w > −1=3), respec-
tively. It is well known that each section of the Great Wall
records a unique history.

III. CONCLUSION

The NEC violation in the primordial Universe will
bring a blue-tilted GWB. However, its implications to the
GWB might be far richer than expected. We presented a
scenario, in which after a slow-roll (NEC-preserving)
inflation with H ≃Hinf1 (responsible for the density
perturbation on large scales), the Universe goes through
an NEC-violating period, which is followed again by the
slow-roll inflation but with Hinf2 ≫ Hinf1. We calculated
the power spectrum of the yielded primordial GWs.
As expected, the spectrum has an observable amplitude
PT ∼H2

inf1 (nT ≃ 0) at the CMB band and a higher
amplitude PT ∼H2

inf2 (nT ≃ 0) at the PTA band (compat-
ible with recent NANOGrav result). Here, the NEC
violation responsible for the upward tilt of PT played
an indispensable role.
It is well known that the detection of stochastic GWB

will not only solidify our confidence in inflation but also
offer us a probe to the physics of the early Universe.
Though the model we consider is simplified, it highlights
an unexpected point that the GWB yielded in the primordial
Universe might have a unique landscape. We explore the
observable imprints of short NEC violations on primordial
GWB. It is especially highlighted that for the multistage
inflation, consisting of a sequence of short slow-roll
inflations (w≳ −1) interrupted by lots of short period of
expansions with w > −1=3 and w < −1, we will have a
Great Wall spectrum of stochastic GWB, which might be
detectable.
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APPENDIX: ON STABILITY OF SCALAR
PERTURBATIONS

In the unitary gauge, for (1), we have

Sð2Þζ ¼
Z

d4xa3Qs

�
_ζ2 − c2s

ð∂ζÞ2
a2

�
; ðA1Þ

where

Qs ¼ ϵM2
p þ

g2 _ϕ
4

H2
¼ M2

p
_ϕ2

2H2

�
g1 þ 3g2

_ϕ2

M2
p

�
; ðA2Þ

(a)

(b)

FIG. 5. The spectrum PT=P
inf
T;l of primordial GWB yielded in a

multistage scenario of inflation, in which a sequence of short
slow-roll inflations (j ¼ 1, 3, 5, 7, 9) are interrupted by short
periods of decelerated expansion (j ¼ 6) and NEC-violating
expansion (j ¼ 2, 4, 8). We set the equation of state parameters
w1;3;5;7;9 ≃ −1, w2 ¼ −15, w4;8 ¼ −10, and w6 ¼ 1=3. The fre-
quency band of GW spans about 28 orders. The lower panel is the
Great Wall (sketched by Yu-Ze Piao). The panorama of PT looks
like the Great Wall. When we climb up the Great Wall, we would
see the beacon towers of different physics.
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c2s ¼
ϵM2

p

Qs
: ðA3Þ

Around the NEC violation, though c2s < 0 (see Fig. 6),
c2s ¼ 1 can be set with the higher-order derivative (beyond-
Horndeski) operators; see, e.g., Refs. [8,10,11,98,99] for
related details. Here, Qs > 0 throughout. Therefore, the

ghost and gradient instabilities can be cured in the EFT
regime. It is interesting to ask whether there is a danger of
instabilities from the higher-derivative terms in the per-
spective of the UV theory. However, it is still unknown how
to embed the EFTwith such terms in a UV complete theory
so far. The related issues require further investigation in
the future.
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