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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 parameter H ~ H;, s/,
the Universe goes through an NEC-violating period and then enters subsequent slow-roll inflation with a
higher H (= H,s» > H,s1). 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 (107'8-10'° 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~'¥-107'® 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
(~1078 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<Sny £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
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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., T,,n*n” < 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 > H?), 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 ny ~ 0.9 at the PTA

'In this paper, the term superinflation is used for the accelerated
expansion in which e=—H/H? <0, since d/a=H?(1—¢).
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band. But the spectrum of scalar perturbations, i.e., Py, is
highly blue tilted too, since ng; — 1 ~ ny. 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 = H;,, ¢, which results
in P, ~ Hj, /e ~ 107 at the CMB band, happened before
the NEC-violating phase, which is subsequently followed
by a slow-roll inflation with a higher scale H;, > > H, ;.
In Refs. [47,48], such a low-scale inflation is regarded as
current accelerated expansion with H%nfl ~ A. 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 ¢
(canonical scalar field) slowly rolls down a nearly flat
potential, i.e., g])z < V(¢) = V;yp1, which results in the
slow-roll (NEC-preserving) inflation. In the NEC-violating
phase, ¢ climbs up the potential rapidly so that H > 0.
After ¢ arrives at another nearly flat region of the potential
but with higher energy, i.e., Vi,z» >V, , the slow-roll
inflation restarts again.

_?130}“2"1““____

107+ R
1078 - i 1
> I =N
0] ! | ]
1010 | \if 4
12 slow-roll inflation ! NEC-violatin haseé slow-roll inflation
107 (NEC-preserving) : violating p : (NEC-preserving) 7
TR S L P RS T
-10 -5 0 5 10
@
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 H;,p > H;,r. The
potential V(¢) given by Eq. (9) is plotted with logarithmic
coordinates on the vertical axis.

We present a model as follows:
/d“x\/_[ —2R—-Mig,(9)X/2
FBC/4 = MEV(9)], 0

where X = V,pV¥¢. Here, the Galileon operator [¢p =
V, Vi is not requlred see also, e.g., [11,51,52]. The
correspondlng background equations are

2172 M, .o 3y, 4
3H Mp:791¢ +192¢ +M,V, (2)
T2 M, ., 1y
HMp :—79145 —59247 > (3)
39,4’ 3g H¢
0—<gl+ e )¢+391H¢+ Db+
P
392,11¢
+ 4]‘/;2 + M2V, (4)
P
where “,,=d/d$.” Only two of Egs. (2)—(4) are

independent.

In the NEC-preserving regimes, we require g,(¢) = 1,
9(¢p) =0 and the potential is nearly flat (see Fig. 1),
so that the scalar filed ¢ is canonical and the slow-roll
inflation (0 < e = —H JH? < 1) can happen. In Fig. 1,
Vit = m2d2/2, Vs = A1 = S92 and v, 05 V.

In the NEC-violating regime, we set g (¢) ~ —li'f—el:m <0
and g,(¢p) = f, with f, being dimensionless constants.
The coefficient of ¢ in Eq. (4), i.e., g, + 3g.4> /M3, is
positive throughout so that there is no ghost instability;
see Appendix. The scalar field ¢ will climb up the

potential rapidly (H < ¢ <M,) and arrive at the flat
region V=1V, ., as long as the condition % g1,¢q'b2+
M%,V#; < 0 lasts for sufficiently long time. We require
e<—1,ie, H* < H. According to Eq. (2), considering
¢* > V. H?, we have MT%’gléﬁz +3g,¢* ~ 0, which sug-

gests €2 ~ ¢ for ¢ < 0. Thus, ¢ is approximately

t<t,. (5)

According to Eq. (3), we have H ~ $*; hence,

2See, e.g., Ref. [17], for the case in which X[¢ instead of X2is
used to realize the NEC violation.
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FIG. 2. Left: the evolution of ¢ with respect to 7. Here, ¢pouom and ¢y, correspond to the bottom and top of the potential in Fig. 1,
respectively. Right: the evolution of ¢/M and ¢/H During the NEC-violating phase, which approximately corresponds to

730084 < 1 < 730328, H < ¢ < M, is satlsﬁed We set ¢(ti,) =

q1 =10, g, =6, g3 =10, g4 = 4, fl—l fa=

1
+ const. (6)
R
When ¢ < 1,, we have H =~ const = H,,,;, which suggests
that the NEC-violating phase has the chance to start after a

slow-roll inflation.
As a phenomenological example, we set

_ 1 f1€2¢ 2
91(¢) = 1+ e%2(¢=03) 1 + €2 14end=—b)’ ()
_ /2 !
9(¢) = 1 + e~ 2(d=¢3) | 1 p9:(d=do)’ (8)
— 1 242 1
V(g)=5md PR =)
(¢ —¢1)]? 1
+4 l:l - 62 14+ 6—44((/)_¢1) ’ <9)

where 4, m, f ,,and g, , 3 4 are positive constants. We require
that ¢; < ¢, < 0 < ¢p; < ¢py. Here, for ¢p < ¢h3, we have
g1 =1,90=0,andV = V,, ¢ =~ m?¢?*/2, while for ¢ > ¢,
we have gy =1, g, =0, and V=V, 1, ~ [l —('/’_6#)2]2.

We solve Egs. (3) and (4) numerically. The initial
value of H is set as Hiy ~H,;,; =129%x107°M, at
t = tin; = 0, so that the “inf1” is responsible for the scalar
perturbations on the CMB band, which indicates that

~ 1 Hinp1\2 ~ -9 —
Ps _ZMfleinf] (7”) ~2.1x10 for einfl = 0.001.

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

7 ¢( lnl)
40, 1 =0.01, 6 =23, and m = —4.5 x 107°.

0, tini = 0, g = 3.2, 1 = 2, p, = —4, p3 = —4.38,

potential V =V, »». We plot the evolutions of H and ¢ in
Fig. 3. During the slow-roll (NEC-preserving) phases
(0 < e < 1), we have H ~ const, which is intervened by
an NEC-violating phase (H > 0 and ¢ < —1). Due to the
NEC-violating evolution, we have

Hinf2/Hinf1 =~ 103 > 1. (10)

B. Primordial GW spectrum

In this subsection, we calculate the spectrum of primor-
dial GWs. Generally, for the tensor perturbation y;;, we
have’

M? (Owrii)?
2) . kYi
Sy —?p/d“)ca3 [yizj— azj ] (11)

In the momentum space, we have

7ij(7.X) I/—

where 7,(7,k)

kN g ke (k) (12)

A=+,x

. p
=7 k), (k) +7}(z.~k)a} (k). € (k)
. yl A A #(A
satisfies kjel(j)(k) =0, 6,(-,~)(k) =0, €Ej)(k)€ij( )(k) =
5y, and 6;}-(/1)(1() = <j)( -k); a;(k) and a)(k’) satisfy
[ay(k), a},(k")] = 6,76 (k — k’). The equation of motion
for y,(z, k) is

k
0

*Here, the propagating speed of GWs is ¢y = 1 (or see, e.g.,
[53-58]).
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FIG. 3.

during NEC-violating superinflation.

d*u a’
dTQ" + (k2 - ;) u = 0, (13)

where uy = y,(r.k)aM /2 and 7 = [a~'dt.

In Sec. I A, we have shown that a model of our
scenario can be constructed. Here, for simplicity, we
assume that e~ const < —1 during the NEC-violating
phase, which requires some delicate design of g;, g,
and V. Around the beginning or the end of the NEC-
violating phase, the detailed variation of ¢ 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 ¢; = -H i/ H? =3(1+w;)~
const, where w; is the state parameter. We have [59]

1
a;(t) ~ (zg;—7)77", (14)
for the jth phase, where g ; = 7, — (¢; — 1)""H~!(z;) and
a(z;) is set by requiring the continuity of a at the end of
phase j (ie., 7 =1;). As a result, we have

al 1/?— 1/4 (15
ji (T_TR,j)z’ )

1—w;
1+3w;

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

where v; = |. Regarding the phases j and j + 1 as

(@) = VI Lo ) e )

+BH k(e =]} (r<7).  (16)
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Left: the evolution of H. Right: the evolution of ¢ = —H/H?. We have 0 < ¢ < 1 during slow-roll inflations and € < —1

”(TR,‘ )
) = =D L 0 =)

+ﬂj+1H£al[k(TR,j+l —1)]}, (z> 1)),
(17)

respectively, where a;;,i) and ;) are k-dependent
coefficients. Using the matching conditions uy ;(z;.;) =

Uy ji1 (Tjp1) and wy ;(7j41) = up ;. (7j11), we have

. ) () )
<aj+1> =MU) (aj>, where MU) = (MH Ml? )
Bin bi MY MY
(18)

See Refs. [59,60] for the matrix elements of M), The
information of the 1,2--- jth phases of the Universe has
been encoded fully in the Bogoliubov coefficients «;; and
Bj+1- We set the initial state as the Bunch-Davies vacuum
(see also [61-65] for preinflationary bounce), i.e.,
U, = \/Lzoke_“”. Thus, |a;| =1, || = 0.

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

wa(e) = YD L ) e = o)

+ BsH ) k(ers = 7)1} (19)

where 13 ~3/2 for de Sitter expansion. On super-
horizon scale, we have Hg1/)2(—k1) = g /)2( kr)_kgo -

2/(—nk’z%). The resulting spectrum of primordial
GWs is
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4k |14k.3 |2

PT =
nzM?, a?

= Priplas — B2, (20)

where

G)-sem(z) o

2
Pring2 = 352;:‘;22; (1 and M® are given by Eq. (18). The

information of inf1, NEC-violating and inf2 phases has
been encoded in the Bogoliubov coefficients a3 and f.

C. Primordial GWB at low-frequency band

It is interesting to connect Py in (20) with the observa-
tions of stochastic GWB at low-frequency bands. The
BICEP/Keck+Planck bound at CMB band is » < 0.06 [19],
which corresponds to Py < 107!, The analysis result of
NANOGrayv 12.5-yr data [14], if regarded as the stochastic
GWB (see inspired studies, e.g., [15,16,18,66-80]), sug-
gests Qg ~ 107 with the tilt —=1.5 < nyp < 0.5, where

k2
- 12a3H}

k k2]
X (1.0 +1.36— +2.50 <) (22)
keq keq

is the energy density spectrum of GWs; see, e.g., [81] (see
also [82-85]). Here, 1/k,, is the comoving Hubble scale
at matter-radiation equality, and Q, = p,,/p, and p. =
3H3/(8%G) is the critical energy density.

According to (20), we plot P; and Qgy in Fig. 4
(f = k/(27ay)). We set H; = 1.29 x 107>, which corre-
sponds to Py ~2.1 x 107 for ¢; = 0.001 and H; ~ 1072;

3Qmj1 (kTO)

Qaw(70) ko

Pr(k)

10!

—— H3=1x10%Hpn;
——=- H3=2x 10*Hpn; V7

10° 108

wy 2 —1 and w3 2 —1 for the slow-roll inflations, while
wy, < —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 Pz, in which
the spectrum has a blue tilt ny ~2 (since ¢ <« —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 2 —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 Egs. (17), (18), and (20), for a multistage
scenario of inflation in which a sequence of short slow-
roll inflations (w 2 —1) are interrupted by lots of short
periods of expansions with w > —1/3 and w < —1 (NEC
violation), we can write the spectrum P; of primordial
GWs as

Pr =P} 2 2H; 2 23
r = Pryla; = Bl =P 5 lag = il (23)
o
where
Lo-8] — Ha=1x10%Hy
—== H3=2x10%*H, SN e
P
10—10
L 10712
N
o
a
107
10716
10—18
1018 10-16 1014 10712 10-10 108

f[Hz]

(b)

FIG. 4. Left: P;. Right: Qgwh?, where h = H,/( km/s/Mpc).
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FIG. 5. The spectrum Pz /Py of primordial GWB yielded in a
multistage scenario of inflation, in which a sequence of short
slow-roll inflations (j =1, 3, 5, 7, 9) are interrupted by short
periods of decelerated expansion (j = 6) and NEC-violating
expansion (j = 2, 4, 8). We set the equation of state parameters
Wi3579 = —1, Wy = —15, Wyg = —10, and We = 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 P7 looks
like the Great Wall. When we climb up the Great Wall, we would
see the beacon towers of different physics.

() -Taer(5). e

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

i
1078 Hz < f Sexp (Z Nj) 1078 Hz,  (25)
j=1

aj.H;,

where N; =In is the e-folds number of the pertur-

Junitd jini

bation modes passing through the jth phase. Note that
N; < 0 for the decelerated expansion (w > —1/3).
According to (23), we plot PT/PlTrf{ in Fig. 5(a) for a
multistage scenario of inflation with short periods of slow-
roll inflations (j =1, 3, 5, 7, 9) with different HJ». The
panorama of P; 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 ~ H,, ¢ (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 H;,, > H;,;. We calculated
the power spectrum of the yielded primordial GWs.
As expected, the spectrum has an observable amplitude
Pr~H;, (np~0) at the CMB band and a higher
amplitude Py ~ H%nf2 (ny ~0) at the PTA band (compat-
ible with recent NANOGrav result). Here, the NEC
violation responsible for the upward tilt of P; 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 2 —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

) 90)2
2= [wofe-a09] o
where
ndt M ¢’
O, = eM;, = 2;12 g+ 392M—§, . (A2)
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FIG. 6. Left: The evolution of Q;, which is positive throughout in our model. Right: the evolution of ¢Z, which is negative during the
NEC-violating phase (approximately corresponding to 730084 < t < 730328).

2
eM
2 =—2L

o

Around the NEC violation, though ¢ < 0 (see Fig. 6),
c2 = 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, O, > O throughout. Therefore, the

(A3)

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 EFT with such terms in a UV complete theory
so far. The related issues require further investigation in
the future.

[1] A. A. Starobinsky, Spectrum of relict gravitational radiation
and the early state of the universe, JETP Lett. 30, 682
(1979).

[2] V. Rubakov, M. Sazhin, and A. Veryaskin, Graviton creation
in the inflationary universe and the grand unification scale,
Phys. Lett. 115B, 189 (1982).

[3] V. Rubakov, The null energy condition and its violation,
Usp. Fiz. Nauk 184, 137 (2014).

[4] M. Libanov, S. Mironov, and V. Rubakov, Generalized
Galileons: Instabilities of bouncing and Genesis cosmolo-
gies and modified Genesis, J. Cosmol. Astropart. Phys. 08
(2016) 037.

[5] T. Kobayashi, Generic instabilities of nonsingular cos-
mologies in Horndeski theory: A no-go theorem, Phys.
Rev. D 94, 043511 (2016).

[6] A. Tjas and P.J. Steinhardt, Fully stable cosmological
solutions with a non-singular classical bounce, Phys. Lett.
B 764, 289 (2017).

[7] D. A.Dobre, A. V. Frolov, J. T. Galvez Ghersi, S. Ramazanov,
and A. Vikman, Unbraiding the bounce: Superluminality
around the corner, J. Cosmol. Astropart. Phys. 03 (2018) 020.

[8] Y. Cai, Y. Wan, H.-G. Li, T. Qiu, and Y.-S. Piao, The
effective field theory of nonsingular cosmology, J. High
Energy Phys. 01 (2017) 090.

[9] P. Creminelli, D. Pirtskhalava, L. Santoni, and E. Trincherini,
Stability of geodesically complete cosmologies, J. Cosmol.
Astropart. Phys. 11 (2016) 047.

[10] Y. Cai, H.-G. Li, T. Qiu, and Y.-S. Piao, The effective field
theory of nonsingular cosmology: II, Eur. Phys. J. C 77, 369
(2017).

[11] Y. Cai and Y.-S. Piao, A covariant Lagrangian for stable
nonsingular bounce, J. High Energy Phys. 09 (2017)
027.

[12] R. Kolevatov, S. Mironov, N. Sukhov, and V. Volkova,
Cosmological bounce and Genesis beyond Horndeski,
J. Cosmol. Astropart. Phys. 08 (2017) 038.

[13] G. Ye and Y.-S. Piao, Bounce in general relativity and
higher-order derivative operators, Phys. Rev. D 99, 084019
(2019).

[14] Z. Arzoumanian et al. (NANOGrav Collaboration), The
NANOGrav 12.5-year data set: Search for an isotropic
stochastic gravitational-wave background, Astrophys. J.
Lett. 905, L34 (2020).

[15] S. Vagnozzi, Implications of the NANOGrav results for
inflation, Mon. Not. R. Astron. Soc. 502, L11 (2021).

[16] H.-H. Li, G. Ye, and Y.-S. Piao, Is the NANOGrav signal a
hint of dS decay during inflation?, Phys. Lett. B 816,
136211 (2021).

083521-7


https://doi.org/10.1016/0370-2693(82)90641-4
https://doi.org/10.3367/UFNr.0184.201402b.0137
https://doi.org/10.1088/1475-7516/2016/08/037
https://doi.org/10.1088/1475-7516/2016/08/037
https://doi.org/10.1103/PhysRevD.94.043511
https://doi.org/10.1103/PhysRevD.94.043511
https://doi.org/10.1016/j.physletb.2016.11.047
https://doi.org/10.1016/j.physletb.2016.11.047
https://doi.org/10.1088/1475-7516/2018/03/020
https://doi.org/10.1007/JHEP01(2017)090
https://doi.org/10.1007/JHEP01(2017)090
https://doi.org/10.1088/1475-7516/2016/11/047
https://doi.org/10.1088/1475-7516/2016/11/047
https://doi.org/10.1140/epjc/s10052-017-4938-y
https://doi.org/10.1140/epjc/s10052-017-4938-y
https://doi.org/10.1007/JHEP09(2017)027
https://doi.org/10.1007/JHEP09(2017)027
https://doi.org/10.1088/1475-7516/2017/08/038
https://doi.org/10.1103/PhysRevD.99.084019
https://doi.org/10.1103/PhysRevD.99.084019
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.1093/mnrasl/slaa203
https://doi.org/10.1016/j.physletb.2021.136211
https://doi.org/10.1016/j.physletb.2021.136211

YONG CAI and YUN-SONG PIAO

PHYS. REV. D 103, 083521 (2021)

[17] H. W. Tahara and T. Kobayashi, Nanohertz gravitational
waves from NEC violation in the early universe, Phys. Rev.
D 102, 123533 (2020).

[18] S. Kuroyanagi, T. Takahashi, and S. Yokoyama, Blue-tilted
inflationary tensor spectrum and reheating in the light of
NANOGravy results, J. Cosmol. Astropart. Phys. 01 (2021)
071.

[19] P. Ade et al. (BICEP2 and Keck Array Collaboration),
BICEP2/Keck Array x: Constraints on Primordial Gravita-
tional Waves Using Planck, WMAP, and New BICEP2/
Keck Observations through the 2015 Season, Phys. Rev.
Lett. 121, 221301 (2018).

[20] A. Ashoorioon, K. Dimopoulos, M. Sheikh-Jabbari, and G.
Shiu, Non-Bunch-Davis initial state reconciles chaotic
models with BICEP and Planck, Phys. Lett. B 737, 98
(2014).

[21] Y.-S. Piao and E. Zhou, Nearly scale invariant spectrum of
adiabatic fluctuations may be from a very slowly expanding
phase of the universe, Phys. Rev. D 68, 083515 (2003).

[22] Y.-S. Piao and Y.-Z. Zhang, Phantom inflation and
primordial perturbation spectrum, Phys. Rev. D 70,
063513 (2004).

[23] M. Baldi, F. Finelli, and S. Matarrese, Inflation with
violation of the null energy condition, Phys. Rev. D 72,
083504 (2005).

[24] Y.-S. Piao, Gravitational wave background from phantom
superinflation, Phys. Rev. D 73, 047302 (2006).

[25] T. Kobayashi, M. Yamaguchi, and J. Yokoyama, G-Inflation:
Inflation Driven by the Galileon Field, Phys. Rev. Lett. 105,
231302 (2010).

[26] T. Kobayashi, M. Yamaguchi, and J. Yokoyama, General-
ized G-inflation: Inflation with the most general second-
order field equations, Prog. Theor. Phys. 126, 511 (2011).

[27] P. Creminelli, M. A. Luty, A. Nicolis, and L. Senatore,
Starting the Universe: Stable violation of the null energy
condition and non-standard cosmologies, J. High Energy
Phys. 12 (2006) 080.

[28] G. Capurri, N. Bartolo, D. Maino, and S. Matarrese, Let
effective field theory of inflation flow: Stochastic generation
of models with red/blue tensor tilt, J. Cosmol. Astropart.
Phys. 11 (2020) 037.

[29] P. Creminelli, A. Nicolis, and E. Trincherini, Galilean
Genesis: An alternative to inflation, J. Cosmol. Astropart.
Phys. 11 (2010) 021.

[30] Z.-G. Liu, J. Zhang, and Y.-S. Piao, A Galileon design of
slow expansion, Phys. Rev. D 84, 063508 (2011).

[31] Y. Wang and R. Brandenberger, Scale-invariant fluctuations
from Galilean Genesis, J. Cosmol. Astropart. Phys. 10
(2012) 021.

[32] Z.-G. Liu and Y.-S. Piao, A Galileon Design of slow
expansion: Emergent universe, Phys. Lett. B 718, 734
(2013).

[33] P. Creminelli, K. Hinterbichler, J. Khoury, A. Nicolis, and E.
Trincherini, Subluminal Galilean Genesis, J. High Energy
Phys. 02 (2013) 006.

[34] K. Hinterbichler, A. Joyce, J. Khoury, and G. E. Miller, DBI
realizations of the pseudo-conformal universe and Galilean
Genesis scenarios, J. Cosmol. Astropart. Phys. 12 (2012)
030.

[35] K. Hinterbichler, A. Joyce, J. Khoury, and G.E. Miller,
Dirac-Born-Infeld Genesis: An Improved Violation of the
Null Energy Condition, Phys. Rev. Lett. 110, 241303
(2013).

[36] Z.-G. Liu, H. Li, and Y.-S. Piao, Preinflationary Genesis
with CMB B-mode polarization, Phys. Rev. D 90, 083521
(2014).

[37] D. Pirtskhalava, L. Santoni, E. Trincherini, and P. Uttayarat,
Inflation from Minkowski space, J. High Energy Phys. 12
(2014) 151.

[38] S. Nishi and T. Kobayashi, Generalized Galilean Genesis,
J. Cosmol. Astropart. Phys. 03 (2015) 057.

[39] T. Kobayashi, M. Yamaguchi, and J. Yokoyama, Galilean
creation of the inflationary Universe, J. Cosmol. Astropart.
Phys. 07 (2015) 017.

[40] Y. Cai and Y.-S. Piao, The slow expansion with nonminimal
derivative coupling and its conformal dual, J. High Energy
Phys. 03 (2016) 134.

[41] S. Nishi and T. Kobayashi, Scale-invariant perturbations
from null-energy-condition violation: A new variant of
Galilean Genesis, Phys. Rev. D 95, 064001 (2017).

[42] S. Mironov, V. Rubakov, and V. Volkova, Genesis with
general relativity asymptotics in beyond Horndeski theory,
Phys. Rev. D 100, 083521 (2019).

[43] Y. Ageeva, O. Evseev, O. Melichev, and V. Rubakov,
Toward evading the strong coupling problem in Horndeski
Genesis, Phys. Rev. D 102, 023519 (2020).

[44] A. Tlyas, M. Zhu, Y. Zheng, and Y.-F. Cai, Emergent
universe and Genesis from the DHOST cosmology, J. High
Energy Phys. 01 (2021) 141.

[45] D. Langlois, Dark energy and modified gravity in degen-
erate higher-order scalar—tensor (DHOST) theories: A
review, Int. J. Mod. Phys. D 28, 1942006 (2019).

[46] T. Kobayashi, Horndeski theory and beyond: A review, Rep.
Prog. Phys. 82, 086901 (2019).

[47] Z.-G. Liu and Y.-S. Piao, Galilean Islands in eternally
inflating background, Phys. Rev. D 88, 043520 (2013).

[48] L. Alberte, P. Creminelli, A. Khmelnitsky, D. Pirtskhalava,
and E. Trincherini, Relaxing the cosmological constant: A
proof of concept, J. High Energy Phys. 12 (2016) 022.

[49] V. Rubakov, Consistent NEC-violation: Towards creating
a universe in the laboratory, Phys. Rev. D 88, 044015
(2013).

[50] B. Elder, A. Joyce, and J. Khoury, From satisfying to
violating the null energy condition, Phys. Rev. D 89, 044027
(2014).

[51] E.I. Buchbinder, J. Khoury, and B. A. Ovrut, New ekpyrotic
cosmology, Phys. Rev. D 76, 123503 (2007).

[52] M. Koehn, J.-L. Lehners, and B. Ovrut, Nonsingular
bouncing cosmology: Consistency of the effective descrip-
tion, Phys. Rev. D 93, 103501 (2016).

[53] Y. Cai, Y.-T. Wang, and Y.-S. Piao, Is there an effect of a
nontrivial ¢y during inflation?, Phys. Rev. D 93, 063005
(2016).

[54] Y. Cai, Y.-T. Wang, and Y.-S. Piao, Propagating speed of
primordial gravitational waves and inflation, Phys. Rev. D
94, 043002 (2016).

[55] M. Giovannini, The refractive index of relic gravitons,
Classical Quantum Gravity 33, 125002 (2016).

083521-8


https://doi.org/10.1103/PhysRevD.102.123533
https://doi.org/10.1103/PhysRevD.102.123533
https://doi.org/10.1088/1475-7516/2021/01/071
https://doi.org/10.1088/1475-7516/2021/01/071
https://doi.org/10.1103/PhysRevLett.121.221301
https://doi.org/10.1103/PhysRevLett.121.221301
https://doi.org/10.1016/j.physletb.2014.08.038
https://doi.org/10.1016/j.physletb.2014.08.038
https://doi.org/10.1103/PhysRevD.68.083515
https://doi.org/10.1103/PhysRevD.70.063513
https://doi.org/10.1103/PhysRevD.70.063513
https://doi.org/10.1103/PhysRevD.72.083504
https://doi.org/10.1103/PhysRevD.72.083504
https://doi.org/10.1103/PhysRevD.73.047302
https://doi.org/10.1103/PhysRevLett.105.231302
https://doi.org/10.1103/PhysRevLett.105.231302
https://doi.org/10.1143/PTP.126.511
https://doi.org/10.1088/1126-6708/2006/12/080
https://doi.org/10.1088/1126-6708/2006/12/080
https://doi.org/10.1088/1475-7516/2020/11/037
https://doi.org/10.1088/1475-7516/2020/11/037
https://doi.org/10.1088/1475-7516/2010/11/021
https://doi.org/10.1088/1475-7516/2010/11/021
https://doi.org/10.1103/PhysRevD.84.063508
https://doi.org/10.1088/1475-7516/2012/10/021
https://doi.org/10.1088/1475-7516/2012/10/021
https://doi.org/10.1016/j.physletb.2012.11.068
https://doi.org/10.1016/j.physletb.2012.11.068
https://doi.org/10.1007/JHEP02(2013)006
https://doi.org/10.1007/JHEP02(2013)006
https://doi.org/10.1088/1475-7516/2012/12/030
https://doi.org/10.1088/1475-7516/2012/12/030
https://doi.org/10.1103/PhysRevLett.110.241303
https://doi.org/10.1103/PhysRevLett.110.241303
https://doi.org/10.1103/PhysRevD.90.083521
https://doi.org/10.1103/PhysRevD.90.083521
https://doi.org/10.1007/JHEP12(2014)151
https://doi.org/10.1007/JHEP12(2014)151
https://doi.org/10.1088/1475-7516/2015/03/057
https://doi.org/10.1088/1475-7516/2015/07/017
https://doi.org/10.1088/1475-7516/2015/07/017
https://doi.org/10.1007/JHEP03(2016)134
https://doi.org/10.1007/JHEP03(2016)134
https://doi.org/10.1103/PhysRevD.95.064001
https://doi.org/10.1103/PhysRevD.100.083521
https://doi.org/10.1103/PhysRevD.102.023519
https://doi.org/10.1007/JHEP01(2021)141
https://doi.org/10.1007/JHEP01(2021)141
https://doi.org/10.1142/S0218271819420069
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1088/1361-6633/ab2429
https://doi.org/10.1103/PhysRevD.88.043520
https://doi.org/10.1007/JHEP12(2016)022
https://doi.org/10.1103/PhysRevD.88.044015
https://doi.org/10.1103/PhysRevD.88.044015
https://doi.org/10.1103/PhysRevD.89.044027
https://doi.org/10.1103/PhysRevD.89.044027
https://doi.org/10.1103/PhysRevD.76.123503
https://doi.org/10.1103/PhysRevD.93.103501
https://doi.org/10.1103/PhysRevD.93.063005
https://doi.org/10.1103/PhysRevD.93.063005
https://doi.org/10.1103/PhysRevD.94.043002
https://doi.org/10.1103/PhysRevD.94.043002
https://doi.org/10.1088/0264-9381/33/12/125002

INTERMITTENT NULL ENERGY CONDITION VIOLATIONS ...

PHYS. REV. D 103, 083521 (2021)

[56] M. Giovannini, The propagating speed of relic gravitational
waves and their refractive index during inflation, Eur. Phys.
J. C 78, 442 (2018).

[57] W. Giare and F. Renzi, Propagating speed of primordial
gravitational waves, Phys. Rev. D 102, 083530 (2020).

[58] W. Giare, F. Renzi, and A. Melchiorri, Higher-curvature
corrections and tensor modes, Phys. Rev. D 103, 043515
(2021).

[59] Y. Cai, Y.-T. Wang, and Y.-S. Piao, Preinflationary primor-
dial perturbations, Phys. Rev. D 92, 023518 (2015).

[60] Y. Cai and Y.-S. Piao, Pre-inflation and trans-Planckian
censorship, Sci. China Phys. Mech. Astron. 63, 110411
(2020).

[61] Y.-S. Piao, B. Feng, and X.-m. Zhang, Suppressing CMB
quadrupole with a bounce from contracting phase to
inflation, Phys. Rev. D 69, 103520 (2004).

[62] Y.-S. Piao, A Possible explanation to low CMB quadrupole,
Phys. Rev. D 71, 087301 (2005).

[63] Z.-G. Liu, Z.-K. Guo, and Y.-S. Piao, Obtaining the CMB
anomalies with a bounce from the contracting phase to
inflation, Phys. Rev. D 88, 063539 (2013).

[64] T. Qiu and Y.-T. Wang, G-bounce inflation: Towards non-
singular inflation cosmology with Galileon field, J. High
Energy Phys. 04 (2015) 130.

[65] Y. Cai, Y.-T. Wang, J.-Y. Zhao, and Y.-S. Piao, Primordial
perturbations with pre-inflationary bounce, Phys. Rev. D 97,
103535 (2018).

[66] J. Ellis and M. Lewicki, Cosmic String Interpretation of
NANOGrav Pulsar Timing Data, Phys. Rev. Lett. 126,
041304 (2021).

[67] S. Blasi, V. Brdar, and K. Schmitz, Has NANOGrav Found
First Evidence for Cosmic Strings?, Phys. Rev. Lett. 126,
041305 (2021).

[68] V. De Luca, G. Franciolini, and A. Riotto, NANOGrav Hints
to Primordial Black Holes as Dark Matter, Phys. Rev. Lett.
126, 041303 (2021).

[69] W. Buchmuller, V. Domcke, and K. Schmitz, From NANO-
Grav to LIGO with metastable cosmic strings, Phys. Lett. B
811, 135914 (2020).

[70] A. Addazi, Y.-F. Cai, Q. Gan, A. Marciano, and K. Zeng,
NANOGrav results and dark first order phase transitions,
arXiv:2009.10327.

[71] K. Kohri and T. Terada, Solar-mass primordial black holes
explain NANOGrav hint of gravitational waves, Phys. Lett.
B 813, 136040 (2021).

[72] W. Ratzinger and P. Schwaller, Whispers from the dark side:
Confronting light new physics with NANOGrav data,
arXiv:2009.11875.

[73] R. Samanta and S. Datta, Gravitational wave complemen-
tarity and impact of NANOGrav data on gravitational
leptogenesis: Cosmic strings, arXiv:2009.13452.

[74] L. Bian, J. Liu, and R. Zhou, NanoGrav 12.5-yr data and
different stochastic Gravitational wave background sources,
arXiv:2009.13893.

[75] A. Neronov, A. Roper Pol, C. Caprini, and D. Semikoz,
NANOGrav signal from MHD turbulence at QCD phase
transition in the Early Universe, Phys. Rev. D 103, L041302
(2021).

[76] S. Sugiyama, V. Takhistov, E. Vitagliano, A. Kusenko, M.
Sasaki, and M. Takada, Testing stochastic gravitational
wave signals from primordial black holes with optical
telescopes, Phys. Lett. B 814, 136097 (2021).

[77] J. Liu, R.-G. Cai, and Z.-K. Guo, Large anisotropies of the
stochastic gravitational wave background from cosmic
domain walls, arXiv:2010.03225.

[78] G. Domenech and S. Pi, NANOGrav hints on planet-mass
primordial black holes, arXiv:2010.03976.

[79] S. Bhattacharya, S. Mohanty, and P. Parashari, Implications
of the NANOGrav result on primordial gravitational waves
in nonstandard cosmologies, Phys. Rev. D 103, 063532
(2021).

[80] K. Wong, G. Franciolini, V. De Luca, V. Baibhav, E. Berti, P.
Pani, and A. Riotto, Constraining the primordial black hole
scenario with Bayesian inference and machine learning: The
GWTC-2 gravitational wave catalog, Phys. Rev. D 103,
023026 (2021).

[81] M. S. Turner, M. J. White, and J. E. Lidsey, Tensor pertur-
bations in inflationary models as a probe of cosmology,
Phys. Rev. D 48, 4613 (1993).

[82] L. A. Boyle and P.J. Steinhardt, Probing the early universe
with inflationary gravitational waves, Phys. Rev. D 77,
063504 (2008).

[83] W. Zhao and Y. Zhang, Relic gravitational waves and their
detection, Phys. Rev. D 74, 043503 (2006).

[84] S. Kuroyanagi, T. Takahashi, and S. Yokoyama, Blue-tilted
tensor spectrum and thermal history of the Universe,
J. Cosmol. Astropart. Phys. 02 (2015) 003.

[85] X.-J. Liu, W. Zhao, Y. Zhang, and Z.-H. Zhu, Detecting relic
gravitational waves by pulsar timing arrays: Effects of
cosmic phase transitions and relativistic free-streaming
gases, Phys. Rev. D 93, 024031 (2016).

[86] J. A. Adams, G. G. Ross, and S. Sarkar, Multiple inflation,
Nucl. Phys. B503, 405 (1997).

[87] C. Burgess, R. Easther, A. Mazumdar, D. F. Mota, and
T. Multamaki, Multiple inflation, cosmic string networks
and the string landscape, J. High Energy Phys. 05
(2005) 067.

[88] A. Ashoorioon and A. Krause, Power spectrum and sig-
natures for cascade inflation, arXiv:hep-th/0607001.

[89] A. Ashoorioon, A. Krause, and K. Turzynski, Energy
transfer in multi field inflation and cosmological perturba-
tions, J. Cosmol. Astropart. Phys. 02 (2009) 014.

[90] Y. Liu, Y.-S. Piao, and Z.-G. Si, 'Old’ locked inflation,
J. Cosmol. Astropart. Phys. 05 (2009) 008.

[91] G. D’Amico and N. Kaloper, Rollercoaster cosmology,
arXiv:2011.09489.

[92] G. Obied, H. Ooguri, L. Spodyneiko, and C. Vafa, De Sitter
space and the Swampland, arXiv:1806.08362.

[93] A.Bedroya and C. Vafa, Trans-Planckian censorship and the
swampland, J. High Energy Phys. 09 (2020) 123.

[94] H.-H. Li, G. Ye, Y. Cai, and Y.-S. Piao, Trans-Planckian
censorship of multistage inflation and dark energy, Phys.
Rev. D 101, 063527 (2020).

[95] A. Berera and J. R. Calderén, Trans-Planckian censorship
and other swampland bothers addressed in warm inflation,
Phys. Rev. D 100, 123530 (2019).

083521-9


https://doi.org/10.1140/epjc/s10052-018-5931-9
https://doi.org/10.1140/epjc/s10052-018-5931-9
https://doi.org/10.1103/PhysRevD.102.083530
https://doi.org/10.1103/PhysRevD.103.043515
https://doi.org/10.1103/PhysRevD.103.043515
https://doi.org/10.1103/PhysRevD.92.023518
https://doi.org/10.1007/s11433-020-1573-5
https://doi.org/10.1007/s11433-020-1573-5
https://doi.org/10.1103/PhysRevD.69.103520
https://doi.org/10.1103/PhysRevD.71.087301
https://doi.org/10.1103/PhysRevD.88.063539
https://doi.org/10.1007/JHEP04(2015)130
https://doi.org/10.1007/JHEP04(2015)130
https://doi.org/10.1103/PhysRevD.97.103535
https://doi.org/10.1103/PhysRevD.97.103535
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1103/PhysRevLett.126.041305
https://doi.org/10.1103/PhysRevLett.126.041305
https://doi.org/10.1103/PhysRevLett.126.041303
https://doi.org/10.1103/PhysRevLett.126.041303
https://doi.org/10.1016/j.physletb.2020.135914
https://doi.org/10.1016/j.physletb.2020.135914
https://arXiv.org/abs/2009.10327
https://doi.org/10.1016/j.physletb.2020.136040
https://doi.org/10.1016/j.physletb.2020.136040
https://arXiv.org/abs/2009.11875
https://arXiv.org/abs/2009.13452
https://arXiv.org/abs/2009.13893
https://doi.org/10.1103/PhysRevD.103.L041302
https://doi.org/10.1103/PhysRevD.103.L041302
https://doi.org/10.1016/j.physletb.2021.136097
https://arXiv.org/abs/2010.03225
https://arXiv.org/abs/2010.03976
https://doi.org/10.1103/PhysRevD.103.063532
https://doi.org/10.1103/PhysRevD.103.063532
https://doi.org/10.1103/PhysRevD.103.023026
https://doi.org/10.1103/PhysRevD.103.023026
https://doi.org/10.1103/PhysRevD.48.4613
https://doi.org/10.1103/PhysRevD.77.063504
https://doi.org/10.1103/PhysRevD.77.063504
https://doi.org/10.1103/PhysRevD.74.043503
https://doi.org/10.1088/1475-7516/2015/02/003
https://doi.org/10.1103/PhysRevD.93.024031
https://doi.org/10.1016/S0550-3213(97)00431-8
https://doi.org/10.1088/1126-6708/2005/05/067
https://doi.org/10.1088/1126-6708/2005/05/067
https://arXiv.org/abs/hep-th/0607001
https://doi.org/10.1088/1475-7516/2009/02/014
https://doi.org/10.1088/1475-7516/2009/05/008
https://arXiv.org/abs/2011.09489
https://arXiv.org/abs/1806.08362
https://doi.org/10.1007/JHEP09(2020)123
https://doi.org/10.1103/PhysRevD.101.063527
https://doi.org/10.1103/PhysRevD.101.063527
https://doi.org/10.1103/PhysRevD.100.123530

YONG CAI and YUN-SONG PIAO

PHYS. REV. D 103, 083521 (2021)

[96] M. Dhuria and G. Goswami, Trans-Planckian censorship
conjecture and nonthermal post-inflationary history, Phys.
Rev. D 100, 123518 (2019).

[97] M. Torabian, Non-Standard cosmological models and the
trans-Planckian censorship conjecture, Fortschr. Phys. 68,
1900092 (2020).

[98] Y. Cai and Y.-S. Piao, Higher order derivative coupling to
gravity and its cosmological implications, Phys. Rev. D 96,
124028 (2017).

[99] G. Ye and Y.-S. Piao, Implication of GW170817 for
cosmological bounces, Commun. Theor. Phys. 71, 427
(2019).

083521-10


https://doi.org/10.1103/PhysRevD.100.123518
https://doi.org/10.1103/PhysRevD.100.123518
https://doi.org/10.1002/prop.201900092
https://doi.org/10.1002/prop.201900092
https://doi.org/10.1103/PhysRevD.96.124028
https://doi.org/10.1103/PhysRevD.96.124028
https://doi.org/10.1088/0253-6102/71/4/427
https://doi.org/10.1088/0253-6102/71/4/427

