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1 Introduction

Currently, Inflation [2–5] is the standard paradigm of the very early universe. Alternative
scenarios, like bounce cosmology [6–16], emergent universe scenario [17, 18] and string gas
cosmology [19–26], are also of people’s interests. It is believed that certain alternative
scenarios can not only explain the formation of the Large Scale Structure of our universe
as good as inflation, but also evade the initial spacetime singularity which plagues in
inflationary cosmology [27, 28] (see [29, 30] for reviews on alternative cosmologies).

In this paper we focus on the emergent universe scenario, in which the universe is
emergent from a quasi-Minkowskian spacetime. Such a scenario requires a violation of Null
Energy Condition (NEC). One possible way to realize the NEC violation is introducing
Horndeski/Generalized Galileon theory [31–34], which results in the Galileon Genesis
model [35, 36] (see also earlier in [37]). The physics of Galileon Genesis is studied in [38–42]
and extended in [43–52].

The Galileon Genesis faces several challanges. Firstly, there are no-go theorems stating
that no classically stable Genesis solution exists within the framework of Horndeski/Galileon
theory [53–56].1 One possible ways out is to consider models which are strongly coupled in
the asymptotic past/future [48, 60], at the cost of potentially triggering the strong-coupling
problem [61, 62]. Besides, it is not very clear how such a Genesis scenario can be connected
to the standard cosmology.2

1It is proved in the framework of effective field theory [49, 57–59] that, a fully stable NEC violation can
be realized only in theories beyond Horndeski.

2In [63], a model of inflation preceded by (generalized) Galilean Genesis is proposed.
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To evade the possible puzzles, we recently propose an emergent universe model from
the DHOST cosmology [1]. We modified the original action of Galileon Genesis such that
the universe can gracefully exit from the quasi-Minkowskian state to a radiation dominated
phase. Moreover, we introduce a DHOST coupling to cure the gradient instability. However,
in our model the scale invariant scalar power spectrum cannot be generated within the model.
To be consistent with astrophysical observations, we introduce a quasi-static Hagedorn
phase from string gas cosmology, and hence the model itself is incomplete.

We complete the previous model by a slight deformation of the action. In Galileon
Genesis, the behavior of Hubble parameter H ∝ (−t)−2α−1 determines the scalar spectrum
index as ns = 5− 2α [37, 47, 48, 64, 65]. We improve the action of our previous model [1]
accordingly, and show that the improved Genesis model can produce a scale invariant
power spectrum. Hence our improved model can serve as a possible candidate for the early
universe, without invoking additional mechanisms.

The paper is organized as follows. In section 2, we briefly introduce the improved
model and the genesis solution. The background dynamics is analyzed in section 3, where
we verify that our model can gracefully exit to a radiation dominated universe. We work
out the evolution of the scalar perturbation in section 4, and show that the scale invariance
can be obtained. The tensor perturbation is discussed in section 5. Finally, we conclude
our work in section 6.

Throughout the paper, we take the sign of the metric as (+,-,-,-). The canonical
kinetic term of the scalar field π is defined as X ≡ 1

2∇µπ∇
µπ. The d’Alembert operator is

� ≡ ∇µ∇µ. The reduced Planck mass M2
p ≡ 1

8πG is set to be 1.

2 Improved DHOST Genesis

2.1 Action

The action of the model can be written as

S =
∫
d4x
√
−g

(
R

2 + LH2 + LH3 + LD
)
, (2.1)

where LH2 and LH3 come from the first two classes of Horndeski/Galileon theory [32, 34],
and LD represents the type (2)N − II DHOST Lagrangian [66–68]:3

LH2 = K(π,X) = −g1(π)X + g2(π)X2 , (2.2)

LH3 = G(X)�X , G(X) = γX2 , (2.3)

LD = R

2 h−
h

4X
[
πµνπ

µν − (�π)2
]

+ h− 2XhX
4X2 [πµπµρπρνπν − (�π)πµπµνπν ] . (2.4)

3More explicitly, the action (2.4) belongs to the GLPV theory [69–71], which propogates only one scalar
degree of freedom [72–74] and hence included by the DHOST theory.
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In equation (2.1), R/2 is the standard Einstein-Hilbert action. g1(π), g2(π) are funtion of
the scalar field π , while h ≡ h(X) is a function of the canonical kinetic term X only. Their
detailed expressions are taken to be

g1(π) = 3
2f

2e4π 1 + e2π

1 + emπ
, g2(π) = e2π 1 + e2π

1 + e4π , (2.5)

h(X) = d1X + d2X
2 , (2.6)

in which m > 6 is a fixed parameter which determines the behavior when the universe
exiting the quasi-Minkowskian state. As we will show in next sections, the value of m
doesn’t change the scale dependence, so we will simply take m = 7 through out this paper.

From equation (2.5), we have

lim
π→−∞

g1(π) = 3
2f

2e4π , lim
π→−∞

g2(π) = e2π ; (2.7)

lim
π→∞

g1(π) = 0 , lim
π→∞

g2(π) = 1 . (2.8)

Applying the FLRW background to the action (2.1), we recover the Friedmann equations

3H2 = ρπ , − 2Ḣ = ρπ + pπ , (2.9)

where H is the Hubble parameter, ρπ and pπ are the density and pressure of the matter
field π, expressed by

ρπ = −1
2g1π̇

2 + 3
4g2π̇

4 + 3Hγπ̇5 , (2.10)

pπ = −1
2g1π̇

2 + 1
4g2π̇

4 − γπ̇4π̈ . (2.11)

We see from equation (2.10) and (2.11) that the DHOST term (2.4) doesn’t enter into
the background dynamics. This fact is already found in [1, 75] as long as the DHOST
coupling is non-trivial only during the NEC violation phase. Moreover, observational
singnals from scalar perturbation, such as the scalar spectra index and tensor-to-scalar
ratio, will not be affected by DHOST action in bounce cosmology [76], and in section 4, we
will similarly find that the scalar spectra index is independent of the DHOST action.

2.2 The Genesis solution

We assume the initial condition of scalar field π at far past to be π � −1. From equa-
tion (2.7), we see the first Friedmann’s equation becomes

3H2 = −3
4f

2e4ππ̇2 + 3
4e

2ππ̇4 + 3Hγπ̇5 , (2.12)

and there is a quasi-Minkowskian solution with H ≈ 0 as long as

π̇2e−2π = f2 → π = ln
[ 1
f(−t)

]
. (2.13)

Substituting equation (2.13) into equation (2.11), the pressure becomes

pπ = − 1
(−t)6

( 1
2f2 + γ

)
, (2.14)

which is of order O(t−6) and larger than that of the density. So the universe will deviate
from the quasi-Minkowskian configuration by the negative and non-vanishing pressure.
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2.3 Model parameters

To illustrate the dynamics of the universe and numerically verify the approximations used
in next sections, we will use the following parameters through out this paper:

f = 0.8 , γ = 1 , d1 = 0 , d2 = 6 . (2.15)

As we shall see in section 4.2, the sound speed of scalar perturbation in pre-emergent
period is c2

s0 = (4f2γ − 1)/3. To avoid the gradient instability and superluminality problem
in this period, we have 0 < c2

s0 < 1 and the model parameters are constrained by
1
4 < γf2 < 1 . (2.16)

Finally, we will show in section 4.1 that the DHOST coupling chosen in equation (2.15) can
evade the gradient instability and superluminality problem of scalar perturbation in the
whole cosmological evolution.

3 Background evolution

In this section we briefly discuss the background dynamics of our model. As shown in
section 2.2, at far past t→ −∞, the model permits a quasi-Minkowskian solution described
by equation (2.13). Substituting the solution (2.13) into the second Friedmann equation (2.9)
and using pπ � ρπ, we have

− 2Ḣ ' pπ = − 1
(−t)6

( 1
2f2 + γ

)
, (3.1)

so that
H = h0

(−t)5 , h0 ≡
1
10

( 1
2f2 + γ

)
. (3.2)

When the universe evolves towards the emergent event t = 0, the approximated equa-
tions (2.13), (3.2) become invalid, and the universe will deviate from the quasi-Minkowskian
state. We define a typical time scale tE , so that the approximations (2.13) and (3.2) is
valid when t < tE < 0. For the specific set of parameters (2.15), tE is of order O(1). After
the emergent event t = 0, the scalar field π become positive and the function g1(π), g2(π)
quickly turns to the form (2.8). The pressure and density then becomes

ρπ = 3
4 π̇

4 + 3Hγπ̇5 , pπ = 1
4 π̇

4 − γπ̇4π̈ , (3.3)

and there is an approximated solution

a ∝ t
1
2 , π̇ ∝ t−

1
2 , (3.4)

which represents a radiation dominated universe.
As shown above, the universe starts from a quasi-Minkowskian state, then quit the

status around the emergent event t = 0, and finally transits to a radiation dominated
universe, thus connected to the standard Cosmology. Our model then provides a graceful
exit mechanism to the regular Galileon Genesis scenario. We illustrate the cosmological
evolution numerically in figure 1.
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Figure 1. Dynamics of background geometry a, H and scalar field π, π̇ as a function of cosmic
time t with the special parameter set (2.15).

4 Scalar perturbation

4.1 Dynamic equation and the stability issue

In this section, we study the scalar perturbation of the current model. Applying the previous
result developed in [1, 75], the scalar perturbation at linear level is expressed by

S2,s =
∫
dτd3x

z2
s

2
[
ζ ′2 − c2

s(∂iζ)2
]
, (4.1)

where ζ is the curvature perturbation and

z2
s

2a2 = 3 + 2 π̇
2(−g1 + 3g2π̇

2) + 18Hγπ̇5 − 6H2

(γπ̇5 − 2H)2 , (4.2)(
− z2

s

2a2

)
c2
s = 1 + h+ 2

a

d

dt

a
(
hX π̇

2 − h− 1
)

2H − γπ̇5 . (4.3)

The dynamical equation of the scalar perturbation is the standard Mukhanov-Sasaki(MS)
equation [77–79]:

v′′k +
(
k2c2

s −
z′′s
zs

)
vk = 0 , (4.4)

where vk ≡ zsζ is the MS variable, and a prime denotes differentiation with respect to the
conformal time dη = dt/a.
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Figure 2. Dynamics of z2
s and c2

s with respect to cosmic time t. The model parameters are set
by (2.15).

To obtain a healthy model, we shall avoid the gradient instability and the existence of
the ghost. This requires

z2
s > 0 , c2

s > 0 . (4.5)

We numerically illustrate the dynamics of z2
s and c2

s in figure 2 with parameters being (2.15).
The gradient and ghost instabilities are absent. Moreover, the scalar sound speed does not
exceed the speed of light, i.e. c2

s < 1, and hence the superluminality problem plagued in [1]
is resolved.

4.2 General expression for the scalar power spectrum

In the pre-emergent period t < 0, the universe is almost static and dη = dt/a ' dt. By
properly setting the integration constant, we can interchangably use η and t in this region.
Moreover, the DHOST coupling h ≈ 0, along with the asymptotic behavior (2.7) and (3.2),
the parameters reduce to

z2
s = 600f2

(1− 8f2γ)2 (−t)4 , c2
s = 4f2γ − 1

3 ≡ c2
s0 . (4.6)

In equation (4.6), only the highest order of (−t) are kept. The MS equation (4.4)
becomes

v′′k +
(
k2c2

s0 −
2
η2

)
vk = 0 , (4.7)

whose general solution is

vk(η) ∝
√
kη
[
c1(k)J 3

2
(kcs0η) + c2(k)Y 3

2
(kcs0η)

]
, (4.8)

where Ja(z) and Ya(z) are the Bessel functions.
Before proceeding, we mention that in generalized Galilean Genesis, the curvature

perturbation ζ grows even on superhorizon scales when the second Horndeski term LH3 ∝
Xα�π satisfies α > 1/2 [35, 48]. Our model corresponds to the α = 2 case, so we don’t
need to determine the time for each wavemode to exit the horizon during the pre-emergent
period. However, after the emergent event t = 0, the universe becomes radiation dominated

– 6 –
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and the scalar perturbation contains a constant mode and a decreasing mode. Hence the
dominated mode which is superhorizon at t > 0 will be the constant one, and the scalar
perturbation will then remains invariant, just as the case in standard cosmology.

Now, as we argued in [1], the wavemodes of observational interests will all become
superhorizon in the pre-emergent period t < 0. So we should evaluate the dynamics of
scalar perturbation from past infinity to the critical time scale ηE = tE , where the emergent
solution breaks down. After t = tE , the universe quickly turns to a radiation dominated
period, and the scalar perturbation becomes conserved.

Hence, the scalar power spectrum can be evaluated by

Pζ(k) = k3

2π2
|vk(ηE)|2

zs(ηE)2 . (4.9)

4.3 Vacuum initial condition

In this section we impose the vacuum initial condition and work out the scalar spectra
index. Firstly, the argument of the Bessel function kcs0ηE � 1, so we can expand the Bessel
function with small argument approximation:

Ja(z) ∼ 1
Γ(a+ 1)

(
z

2

)a
, Ya(z) ∼ −Γ(a)

π

(2
z

)a
, (4.10)

and the Bessel Y function will dominate at η = ηE . The MS variable is approximately

vk(ηH) ∝ c2(k)
√
kηH(kηH)−

3
2 = c2(k)(kηH)−1 . (4.11)

Now we determine the c2(k) term from the vacuum initial condition. In the far past,
the linearized action (4.1) is of a harmonic oscillator form with a nearly constant sound
speed cs0. So we can impose the quantum vacuum initial condition

vk(η)→ e−ics0k(η−η0)
√

2k
, (4.12)

where η0 is an integration constant representing the initial phase. Comparing equation (4.12)
and (4.8), and with the help of large argument expansion of Bessel function, we find

c2(k) ∝ k−1/2 . (4.13)

Substituting equation (4.13) and (4.11) into the expression of scalar spectrum (4.9),
we find

Pζ ∝ k3 × |k−
3
2 |2 = k0 , (4.14)

and the scale invariant scalar power spectrum is acquired.

5 Tensor perturbation

The tensor perturbation at the linearized level is [1]

S2,T =
∫
dηd3x

a2

8
[
γ′2ij − (1 + h)γ2

ij

]
, (5.1)

in which γij represents the tensor perturbation.

– 7 –
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Figure 3. Dynamics of c2
T with respect to cosmic time t. The model parameters are set by (2.15).

Since the coefficient of the kinetic term γ′2ij is always positive, there is no ghost model of
tensor perturbation. We numerically plot the sound speed of tensor perturbation c2

T = 1 +h

in figure 3, and show that there is no gradient instability as well.
The tensor perturbation contains two modes. In our case the two polarization modes

propagate at the same speed [80], so we can collectively denote them as γ, and the MS
equation becomes

ν ′′k +
(
c2
Tk

2 − a′′

a

)
νk = 0 , (5.2)

where νk ≡ 1/2aγk is the MS variable for tensor perturbation.
In the radiation dominated period, a ∝ t1/2, so the conformal time η =

∫
dt/a ∝ t1/2.

We then have a ∝ η and a′′/a vanishes. Hence the tensor perturbation propagates as
a plane wave, and the tensor spectrum index is invariant in this period. Similarly, in
the pre-emergent period the background is quasi-Minkowskian, and the same conclusion
applied. One may also see the fact by noticing that, H ∝ (−t)−5 when t < tE and hence
a′′/a ∝ (−t)−6, which is negligible compared to c2

Tk
2 in the MS equation (5.2). Finally,

the duration of the transition period is small (of order O(100) in our set of parameters).
Since there is no divergent part in MS equation (5.2) during this period, the contribution
from this period to tensor perturbation will be suppressed by its short duration, so the
tensor spectrum index is also invariant. We then conclude that, the tensor spectrum index
we observed is just that in the beginning of the universe. Substituting the vacuum initial
condition νk ∝ k−1/2,4 into the expression for tensor spectrum Pt ∝ k3|νk|2, we see that
nt = d lnPt

d ln k = 2, which is consistent with previous studies [35, 47].

4The expression is analog to that for scalar perturbation.
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6 Conclusion and outlook

In this paper we improve the DHOST Genesis model [1] to get the scale invariance scalar
power spectrum. Compared to the original Galileon Genesis model [35], the improved model
consists three new ingredient. The deformed Horndeski term LH2 provides the realization
for a graceful exit from emergent universe to standard cosmology; the LH3 term determines
the scalar spectrum index, resulting in the scale invariance; the DHOST term LD modifies
the sound speed of scalar perturbation c2

s near the emergent event t = 0 without altering
the background evolution, hence solves the gradient instability. The emergent universe
scenario presented here is then healthy and can meet the basic observational constraint
without other mechanism invoked.

There are still plenty of rooms for us to improve the current model. Firstly, most of
the emergent universe models (including the one here) predict a blue tensor spectrum with
nt = 2 (counterexamples can be found in, say, [48, 81]), so updating the current model to
allow more possibility for nt would be worth investigating. Secondly, it is interesting to
develop genesis models with alternative mechanism (like the curvaton mechanism [35, 39]) to
realize the scale invariance, and see whether they can be distinguished by more observational
data. Thirdly, it is worthy to develop the model to make the sound speed c2

T are less than
c2 = 1, hence evading the superluminality issue. Finally, a detailed phase space analyze can
help to decide whether there is fine-tuning problem in our model.

Acknowledgments

We are grateful to Yifu Cai, Robert Brandenberger, Yong Cai, Yi Wang, Damien Easson,
Zhibang Yao, Xian Gao, Emmanuel Saridakis, Misao Sasaki and Dong-Gang Wang for
stimulating discussions. This work is supported in part by the NSFC (Nos. 11847239,
11961131007, 11421303), by the Fundamental Research Funds for Central Universities, by
the China Scholarship Council (CSC No.202006345019), and by GRF Grant 16304418 from
the Research Grants Council of Hong Kong. YZ would like to thank the ICRANet for their
hospitality during his visit. All numeric are operated on the computer clusters LINDA &
JUDY in the particle cosmology group at USTC.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] A. Ilyas, M. Zhu, Y. Zheng and Y.-F. Cai, Emergent Universe and Genesis from the DHOST
Cosmology, JHEP 01 (2021) 141 [arXiv:2009.10351] [INSPIRE].

[2] A.H. Guth, The Inflationary Universe: A Possible Solution to the Horizon and Flatness
Problems, Phys. Rev. D 23 (1981) 347 [INSPIRE].

[3] A.D. Linde, A New Inflationary Universe Scenario: A Possible Solution of the Horizon,
Flatness, Homogeneity, Isotropy and Primordial Monopole Problems, Phys. Lett. B 108 (1982)
389 [INSPIRE].

– 9 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/JHEP01(2021)141
https://arxiv.org/abs/2009.10351
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.10351
https://doi.org/10.1103/PhysRevD.23.347
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.%2CD23%2C347%22
https://doi.org/10.1016/0370-2693(82)91219-9
https://doi.org/10.1016/0370-2693(82)91219-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB108%2C389%22


J
H
E
P
1
1
(
2
0
2
1
)
1
6
3

[4] A. Albrecht and P.J. Steinhardt, Cosmology for Grand Unified Theories with Radiatively
Induced Symmetry Breaking, Phys. Rev. Lett. 48 (1982) 1220 [INSPIRE].

[5] S.W. Hawking and I.G. Moss, Supercooled Phase Transitions in the Very Early Universe, Phys.
Lett. B 110 (1982) 35 [INSPIRE].

[6] R.H. Brandenberger, A Nonsingular universe, in International School of Astrophysics, ‘D.
Chalonge’: 2nd Course: Current Topics in Astrofundamental Physics, (1992) [gr-qc/9210014]
[INSPIRE].

[7] R.H. Brandenberger, V.F. Mukhanov and A. Sornborger, A cosmological theory without
singularities, Phys. Rev. D 48 (1993) 1629 [gr-qc/9303001] [INSPIRE].

[8] Y.-F. Cai, T.-t. Qiu, R. Brandenberger and X.-m. Zhang, A Nonsingular Cosmology with a
Scale-Invariant Spectrum of Cosmological Perturbations from Lee-Wick Theory, Phys. Rev. D
80 (2009) 023511 [arXiv:0810.4677] [INSPIRE].

[9] Y.-F. Cai, D.A. Easson and R. Brandenberger, Towards a Nonsingular Bouncing Cosmology,
JCAP 08 (2012) 020 [arXiv:1206.2382] [INSPIRE].

[10] D. Yoshida, J. Quintin, M. Yamaguchi and R.H. Brandenberger, Cosmological perturbations
and stability of nonsingular cosmologies with limiting curvature, Phys. Rev. D 96 (2017)
043502 [arXiv:1704.04184] [INSPIRE].

[11] M. Novello and S.E.P. Bergliaffa, Bouncing Cosmologies, Phys. Rept. 463 (2008) 127
[arXiv:0802.1634] [INSPIRE].

[12] J.-L. Lehners, Ekpyrotic and Cyclic Cosmology, Phys. Rept. 465 (2008) 223
[arXiv:0806.1245] [INSPIRE].

[13] Y.-F. Cai, Exploring Bouncing Cosmologies with Cosmological Surveys, Sci. China Phys. Mech.
Astron. 57 (2014) 1414 [arXiv:1405.1369] [INSPIRE].

[14] D. Battefeld and P. Peter, A Critical Review of Classical Bouncing Cosmologies, Phys. Rept.
571 (2015) 1 [arXiv:1406.2790] [INSPIRE].

[15] R. Brandenberger and P. Peter, Bouncing Cosmologies: Progress and Problems, Found. Phys.
47 (2017) 797 [arXiv:1603.05834] [INSPIRE].

[16] Y.-F. Cai, A. Marciano, D.-G. Wang and E. Wilson-Ewing, Bouncing cosmologies with dark
matter and dark energy, Universe 3 (2016) 1 [arXiv:1610.00938] [INSPIRE].

[17] G.F.R. Ellis and R. Maartens, The emergent universe: Inflationary cosmology with no
singularity, Class. Quant. Grav. 21 (2004) 223 [gr-qc/0211082] [INSPIRE].

[18] G.F.R. Ellis, J. Murugan and C.G. Tsagas, The emergent universe: An explicit construction,
Class. Quant. Grav. 21 (2004) 233 [gr-qc/0307112] [INSPIRE].

[19] R.H. Brandenberger and C. Vafa, Superstrings in the Early Universe, Nucl. Phys. B 316
(1989) 391 [INSPIRE].

[20] A. Nayeri, R.H. Brandenberger and C. Vafa, Producing a scale-invariant spectrum of
perturbations in a Hagedorn phase of string cosmology, Phys. Rev. Lett. 97 (2006) 021302
[hep-th/0511140] [INSPIRE].

[21] R.H. Brandenberger, A. Nayeri, S.P. Patil and C. Vafa, Tensor Modes from a Primordial
Hagedorn Phase of String Cosmology, Phys. Rev. Lett. 98 (2007) 231302 [hep-th/0604126]
[INSPIRE].

– 10 –

https://doi.org/10.1103/PhysRevLett.48.1220
https://inspirehep.net/search?p=find+J%20%22Phys.Rev.Lett.%2C48%2C1220%22
https://doi.org/10.1016/0370-2693(82)90946-7
https://doi.org/10.1016/0370-2693(82)90946-7
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB110%2C35%22
https://arxiv.org/abs/gr-qc/9210014
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F9210014
https://doi.org/10.1103/PhysRevD.48.1629
https://arxiv.org/abs/gr-qc/9303001
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F9303001
https://doi.org/10.1103/PhysRevD.80.023511
https://doi.org/10.1103/PhysRevD.80.023511
https://arxiv.org/abs/0810.4677
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0810.4677
https://doi.org/10.1088/1475-7516/2012/08/020
https://arxiv.org/abs/1206.2382
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.2382
https://doi.org/10.1103/PhysRevD.96.043502
https://doi.org/10.1103/PhysRevD.96.043502
https://arxiv.org/abs/1704.04184
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1704.04184
https://doi.org/10.1016/j.physrep.2008.04.006
https://arxiv.org/abs/0802.1634
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0802.1634
https://doi.org/10.1016/j.physrep.2008.06.001
https://arxiv.org/abs/0806.1245
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0806.1245
https://doi.org/10.1007/s11433-014-5512-3
https://doi.org/10.1007/s11433-014-5512-3
https://arxiv.org/abs/1405.1369
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1405.1369
https://doi.org/10.1016/j.physrep.2014.12.004
https://doi.org/10.1016/j.physrep.2014.12.004
https://arxiv.org/abs/1406.2790
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1406.2790
https://doi.org/10.1007/s10701-016-0057-0
https://doi.org/10.1007/s10701-016-0057-0
https://arxiv.org/abs/1603.05834
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1603.05834
https://doi.org/10.3390/universe3010001
https://arxiv.org/abs/1610.00938
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.00938
https://doi.org/10.1088/0264-9381/21/1/015
https://arxiv.org/abs/gr-qc/0211082
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F0211082
https://doi.org/10.1088/0264-9381/21/1/016
https://arxiv.org/abs/gr-qc/0307112
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F0307112
https://doi.org/10.1016/0550-3213(89)90037-0
https://doi.org/10.1016/0550-3213(89)90037-0
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB316%2C391%22
https://doi.org/10.1103/PhysRevLett.97.021302
https://arxiv.org/abs/hep-th/0511140
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0511140
https://doi.org/10.1103/PhysRevLett.98.231302
https://arxiv.org/abs/hep-th/0604126
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0604126


J
H
E
P
1
1
(
2
0
2
1
)
1
6
3

[22] R.H. Brandenberger, A. Nayeri, S.P. Patil and C. Vafa, String gas cosmology and structure
formation, Int. J. Mod. Phys. A 22 (2007) 3621 [hep-th/0608121] [INSPIRE].

[23] M. He et al., Differentiating G-inflation from String Gas Cosmology using the Effective Field
Theory Approach, JCAP 12 (2016) 040 [arXiv:1608.05079] [INSPIRE].

[24] T. Battefeld and S. Watson, String gas cosmology, Rev. Mod. Phys. 78 (2006) 435
[hep-th/0510022] [INSPIRE].

[25] R.H. Brandenberger, String Gas Cosmology: Progress and Problems, Class. Quant. Grav. 28
(2011) 204005 [arXiv:1105.3247] [INSPIRE].

[26] R.H. Brandenberger, String Gas Cosmology after Planck, Class. Quant. Grav. 32 (2015)
234002 [arXiv:1505.02381] [INSPIRE].

[27] A. Borde and A. Vilenkin, Eternal inflation and the initial singularity, Phys. Rev. Lett. 72
(1994) 3305 [gr-qc/9312022] [INSPIRE].

[28] A. Borde, A.H. Guth and A. Vilenkin, Inflationary space-times are incompletein past
directions, Phys. Rev. Lett. 90 (2003) 151301 [gr-qc/0110012] [INSPIRE].

[29] R.H. Brandenberger, Alternatives to the inflationary paradigm of structure formation, Int. J.
Mod. Phys. Conf. Ser. 01 (2011) 67 [arXiv:0902.4731] [INSPIRE].

[30] R.H. Brandenberger, Introduction to Early Universe Cosmology, PoS ICFI2010 (2010) 001
[arXiv:1103.2271] [INSPIRE].

[31] A. Nicolis, R. Rattazzi and E. Trincherini, The Galileon as a local modification of gravity,
Phys. Rev. D 79 (2009) 064036 [arXiv:0811.2197] [INSPIRE].

[32] C. Deffayet, X. Gao, D.A. Steer and G. Zahariade, From k-essence to generalised Galileons,
Phys. Rev. D 84 (2011) 064039 [arXiv:1103.3260] [INSPIRE].

[33] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Generalized G-inflation: Inflation with the
most general second-order field equations, Prog. Theor. Phys. 126 (2011) 511
[arXiv:1105.5723] [INSPIRE].

[34] G.W. Horndeski, Second-order scalar-tensor field equations in a four-dimensional space, Int. J.
Theor. Phys. 10 (1974) 363 [INSPIRE].

[35] P. Creminelli, A. Nicolis and E. Trincherini, Galilean Genesis: An alternative to inflation,
JCAP 11 (2010) 021 [arXiv:1007.0027] [INSPIRE].

[36] P. Creminelli, M.A. Luty, A. Nicolis and L. Senatore, Starting the Universe: Stable Violation
of the Null Energy Condition and Non-standard Cosmologies, JHEP 12 (2006) 080
[hep-th/0606090] [INSPIRE].

[37] 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 (2003) 083515
[hep-th/0308080] [INSPIRE].

[38] L. Perreault Levasseur, R. Brandenberger and A.-C. Davis, Defrosting in an Emergent
Galileon Cosmology, Phys. Rev. D 84 (2011) 103512 [arXiv:1105.5649] [INSPIRE].

[39] Y. Wang and R. Brandenberger, Scale-Invariant Fluctuations from Galilean Genesis, JCAP
10 (2012) 021 [arXiv:1206.4309] [INSPIRE].

[40] D.A. Easson, I. Sawicki and A. Vikman, When Matter Matters, JCAP 07 (2013) 014
[arXiv:1304.3903] [INSPIRE].

– 11 –

https://doi.org/10.1142/S0217751X07037159
https://arxiv.org/abs/hep-th/0608121
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0608121
https://doi.org/10.1088/1475-7516/2016/12/040
https://arxiv.org/abs/1608.05079
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.05079
https://doi.org/10.1103/RevModPhys.78.435
https://arxiv.org/abs/hep-th/0510022
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0510022
https://doi.org/10.1088/0264-9381/28/20/204005
https://doi.org/10.1088/0264-9381/28/20/204005
https://arxiv.org/abs/1105.3247
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.3247
https://doi.org/10.1088/0264-9381/32/23/234002
https://doi.org/10.1088/0264-9381/32/23/234002
https://arxiv.org/abs/1505.02381
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1505.02381
https://doi.org/10.1103/PhysRevLett.72.3305
https://doi.org/10.1103/PhysRevLett.72.3305
https://arxiv.org/abs/gr-qc/9312022
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F9312022
https://doi.org/10.1103/PhysRevLett.90.151301
https://arxiv.org/abs/gr-qc/0110012
https://inspirehep.net/search?p=find+EPRINT%2Bgr-qc%2F0110012
https://doi.org/10.1142/S2010194511000109
https://doi.org/10.1142/S2010194511000109
https://arxiv.org/abs/0902.4731
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0902.4731
https://doi.org/10.22323/1.124.0001
https://arxiv.org/abs/1103.2271
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1103.2271
https://doi.org/10.1103/PhysRevD.79.064036
https://arxiv.org/abs/0811.2197
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0811.2197
https://doi.org/10.1103/PhysRevD.84.064039
https://arxiv.org/abs/1103.3260
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1103.3260
https://doi.org/10.1143/PTP.126.511
https://arxiv.org/abs/1105.5723
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5723
https://doi.org/10.1007/BF01807638
https://doi.org/10.1007/BF01807638
https://inspirehep.net/search?p=find+J%20%22Int.J.Theor.Phys.%2C10%2C363%22
https://doi.org/10.1088/1475-7516/2010/11/021
https://arxiv.org/abs/1007.0027
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1007.0027
https://doi.org/10.1088/1126-6708/2006/12/080
https://arxiv.org/abs/hep-th/0606090
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0606090
https://doi.org/10.1103/PhysRevD.68.083515
https://arxiv.org/abs/hep-th/0308080
https://inspirehep.net/search?p=find+EPRINT%2Bhep-th%2F0308080
https://doi.org/10.1103/PhysRevD.84.103512
https://arxiv.org/abs/1105.5649
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5649
https://doi.org/10.1088/1475-7516/2012/10/021
https://doi.org/10.1088/1475-7516/2012/10/021
https://arxiv.org/abs/1206.4309
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1206.4309
https://doi.org/10.1088/1475-7516/2013/07/014
https://arxiv.org/abs/1304.3903
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.3903


J
H
E
P
1
1
(
2
0
2
1
)
1
6
3

[41] V.A. Rubakov, Consistent NEC-violation: towards creating a universe in the laboratory, Phys.
Rev. D 88 (2013) 044015 [arXiv:1305.2614] [INSPIRE].

[42] B. Elder, A. Joyce and J. Khoury, From Satisfying to Violating the Null Energy Condition,
Phys. Rev. D 89 (2014) 044027 [arXiv:1311.5889] [INSPIRE].

[43] P. Creminelli, K. Hinterbichler, J. Khoury, A. Nicolis and E. Trincherini, Subluminal Galilean
Genesis, JHEP 02 (2013) 006 [arXiv:1209.3768] [INSPIRE].

[44] K. Hinterbichler, A. Joyce, J. Khoury and G.E.J. Miller, DBI Realizations of the
Pseudo-Conformal Universe and Galilean Genesis Scenarios, JCAP 12 (2012) 030
[arXiv:1209.5742] [INSPIRE].

[45] K. Hinterbichler, A. Joyce, J. Khoury and G.E.J. Miller, Dirac-Born-Infeld Genesis: An
Improved Violation of the Null Energy Condition, Phys. Rev. Lett. 110 (2013) 241303
[arXiv:1212.3607] [INSPIRE].

[46] D. Pirtskhalava, L. Santoni, E. Trincherini and P. Uttayarat, Inflation from Minkowski Space,
JHEP 12 (2014) 151 [arXiv:1410.0882] [INSPIRE].

[47] S. Nishi and T. Kobayashi, Generalized Galilean Genesis, JCAP 03 (2015) 057
[arXiv:1501.02553] [INSPIRE].

[48] S. Nishi and T. Kobayashi, Scale-invariant perturbations from null-energy-condition violation:
A new variant of Galilean genesis, Phys. Rev. D 95 (2017) 064001 [arXiv:1611.01906]
[INSPIRE].

[49] Y. Cai, H.-G. Li, T. Qiu and Y.-S. Piao, The Effective Field Theory of nonsingular cosmology:
II, Eur. Phys. J. C 77 (2017) 369 [arXiv:1701.04330] [INSPIRE].

[50] S. Mironov, V. Rubakov and V. Volkova, Genesis with general relativity asymptotics in beyond
Horndeski theory, Phys. Rev. D 100 (2019) 083521 [arXiv:1905.06249] [INSPIRE].

[51] Y. Ageeva, P. Petrov and V. Rubakov, Horndeski genesis: consistency of classical theory,
JHEP 12 (2020) 107 [arXiv:2009.05071] [INSPIRE].

[52] Y. Cai and Y.-S. Piao, Intermittent null energy condition violations during inflation and
primordial gravitational waves, Phys. Rev. D 103 (2021) 083521 [arXiv:2012.11304]
[INSPIRE].

[53] M. Libanov, S. Mironov and V. Rubakov, Generalized Galileons: instabilities of bouncing and
Genesis cosmologies and modified Genesis, JCAP 08 (2016) 037 [arXiv:1605.05992]
[INSPIRE].

[54] T. Kobayashi, Generic instabilities of nonsingular cosmologies in Horndeski theory: A no-go
theorem, Phys. Rev. D 94 (2016) 043511 [arXiv:1606.05831] [INSPIRE].

[55] R. Kolevatov and S. Mironov, Cosmological bounces and Lorentzian wormholes in Galileon
theories with an extra scalar field, Phys. Rev. D 94 (2016) 123516 [arXiv:1607.04099]
[INSPIRE].

[56] S. Akama and T. Kobayashi, Generalized multi-Galileons, covariantized new terms, and the
no-go theorem for nonsingular cosmologies, Phys. Rev. D 95 (2017) 064011
[arXiv:1701.02926] [INSPIRE].

[57] Y. Cai, Y. Wan, H.-G. Li, T. Qiu and Y.-S. Piao, The Effective Field Theory of nonsingular
cosmology, JHEP 01 (2017) 090 [arXiv:1610.03400] [INSPIRE].

– 12 –

https://doi.org/10.1103/PhysRevD.88.044015
https://doi.org/10.1103/PhysRevD.88.044015
https://arxiv.org/abs/1305.2614
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.2614
https://doi.org/10.1103/PhysRevD.89.044027
https://arxiv.org/abs/1311.5889
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1311.5889
https://doi.org/10.1007/JHEP02(2013)006
https://arxiv.org/abs/1209.3768
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1209.3768
https://doi.org/10.1088/1475-7516/2012/12/030
https://arxiv.org/abs/1209.5742
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1209.5742
https://doi.org/10.1103/PhysRevLett.110.241303
https://arxiv.org/abs/1212.3607
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1212.3607
https://doi.org/10.1007/JHEP12(2014)151
https://arxiv.org/abs/1410.0882
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1410.0882
https://doi.org/10.1088/1475-7516/2015/03/057
https://arxiv.org/abs/1501.02553
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1501.02553
https://doi.org/10.1103/PhysRevD.95.064001
https://arxiv.org/abs/1611.01906
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1611.01906
https://doi.org/10.1140/epjc/s10052-017-4938-y
https://arxiv.org/abs/1701.04330
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.04330
https://doi.org/10.1103/PhysRevD.100.083521
https://arxiv.org/abs/1905.06249
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1905.06249
https://doi.org/10.1007/JHEP12(2020)107
https://arxiv.org/abs/2009.05071
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2009.05071
https://doi.org/10.1103/PhysRevD.103.083521
https://arxiv.org/abs/2012.11304
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2012.11304
https://doi.org/10.1088/1475-7516/2016/08/037
https://arxiv.org/abs/1605.05992
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1605.05992
https://doi.org/10.1103/PhysRevD.94.043511
https://arxiv.org/abs/1606.05831
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.05831
https://doi.org/10.1103/PhysRevD.94.123516
https://arxiv.org/abs/1607.04099
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1607.04099
https://doi.org/10.1103/PhysRevD.95.064011
https://arxiv.org/abs/1701.02926
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1701.02926
https://doi.org/10.1007/JHEP01(2017)090
https://arxiv.org/abs/1610.03400
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.03400


J
H
E
P
1
1
(
2
0
2
1
)
1
6
3

[58] Y. Cai and Y.-S. Piao, A covariant Lagrangian for stable nonsingular bounce, JHEP 09 (2017)
027 [arXiv:1705.03401] [INSPIRE].

[59] P. Creminelli, D. Pirtskhalava, L. Santoni and E. Trincherini, Stability of Geodesically
Complete Cosmologies, JCAP 11 (2016) 047 [arXiv:1610.04207] [INSPIRE].

[60] A. Ijjas and P.J. Steinhardt, Fully stable cosmological solutions with a non-singular classical
bounce, Phys. Lett. B 764 (2017) 289 [arXiv:1609.01253] [INSPIRE].

[61] Y.A. Ageeva, O.A. Evseev, O.I. Melichev and V.A. Rubakov, Horndeski Genesis: strong
coupling and absence thereof, EPJ Web Conf. 191 (2018) 07010 [arXiv:1810.00465]
[INSPIRE].

[62] Y. Ageeva, O. Evseev, O. Melichev and V. Rubakov, Toward evading the strong coupling
problem in Horndeski genesis, Phys. Rev. D 102 (2020) 023519 [arXiv:2003.01202]
[INSPIRE].

[63] T. Kobayashi, M. Yamaguchi and J. Yokoyama, Galilean Creation of the Inflationary Universe,
JCAP 07 (2015) 017 [arXiv:1504.05710] [INSPIRE].

[64] Z.-G. Liu, J. Zhang and Y.-S. Piao, A Galileon Design of Slow Expansion, Phys. Rev. D 84
(2011) 063508 [arXiv:1105.5713] [INSPIRE].

[65] Z.-G. Liu and Y.-S. Piao, A Galileon Design of Slow Expansion: Emergent universe, Phys.
Lett. B 718 (2013) 734 [arXiv:1207.2568] [INSPIRE].

[66] D. Langlois and K. Noui, Hamiltonian analysis of higher derivative scalar-tensor theories,
JCAP 07 (2016) 016 [arXiv:1512.06820] [INSPIRE].

[67] J. Ben Achour, M. Crisostomi, K. Koyama, D. Langlois, K. Noui and G. Tasinato, Degenerate
higher order scalar-tensor theories beyond Horndeski up to cubic order, JHEP 12 (2016) 100
[arXiv:1608.08135] [INSPIRE].

[68] D. Langlois, M. Mancarella, K. Noui and F. Vernizzi, Effective Description of Higher-Order
Scalar-Tensor Theories, JCAP 05 (2017) 033 [arXiv:1703.03797] [INSPIRE].

[69] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Essential Building Blocks of Dark Energy,
JCAP 08 (2013) 025 [arXiv:1304.4840] [INSPIRE].

[70] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Healthy theories beyond Horndeski, Phys.
Rev. Lett. 114 (2015) 211101 [arXiv:1404.6495] [INSPIRE].

[71] J. Gleyzes, D. Langlois, F. Piazza and F. Vernizzi, Exploring gravitational theories beyond
Horndeski, JCAP 02 (2015) 018 [arXiv:1408.1952] [INSPIRE].

[72] C. Lin, S. Mukohyama, R. Namba and R. Saitou, Hamiltonian structure of scalar-tensor
theories beyond Horndeski, JCAP 10 (2014) 071 [arXiv:1408.0670] [INSPIRE].

[73] X. Gao, Hamiltonian analysis of spatially covariant gravity, Phys. Rev. D 90 (2014) 104033
[arXiv:1409.6708] [INSPIRE].

[74] C. Deffayet, G. Esposito-Farese and D.A. Steer, Counting the degrees of freedom of generalized
Galileons, Phys. Rev. D 92 (2015) 084013 [arXiv:1506.01974] [INSPIRE].

[75] A. Ilyas, M. Zhu, Y. Zheng, Y.-F. Cai and E.N. Saridakis, DHOST Bounce, JCAP 09 (2020)
002 [arXiv:2002.08269] [INSPIRE].

[76] M. Zhu, A. Ilyas, Y. Zheng, Y.-F. Cai and E.N. Saridakis, Scalar and Tensor Perturbations in
DHOST Bounce Cosmology, arXiv:2108.01339 [INSPIRE].

– 13 –

https://doi.org/10.1007/JHEP09(2017)027
https://doi.org/10.1007/JHEP09(2017)027
https://arxiv.org/abs/1705.03401
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1705.03401
https://doi.org/10.1088/1475-7516/2016/11/047
https://arxiv.org/abs/1610.04207
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1610.04207
https://doi.org/10.1016/j.physletb.2016.11.047
https://arxiv.org/abs/1609.01253
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1609.01253
https://doi.org/10.1051/epjconf/201819107010
https://arxiv.org/abs/1810.00465
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1810.00465
https://doi.org/10.1103/PhysRevD.102.023519
https://arxiv.org/abs/2003.01202
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.01202
https://doi.org/10.1088/1475-7516/2015/07/017
https://arxiv.org/abs/1504.05710
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1504.05710
https://doi.org/10.1103/PhysRevD.84.063508
https://doi.org/10.1103/PhysRevD.84.063508
https://arxiv.org/abs/1105.5713
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1105.5713
https://doi.org/10.1016/j.physletb.2012.11.068
https://doi.org/10.1016/j.physletb.2012.11.068
https://arxiv.org/abs/1207.2568
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1207.2568
https://doi.org/10.1088/1475-7516/2016/07/016
https://arxiv.org/abs/1512.06820
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1512.06820
https://doi.org/10.1007/JHEP12(2016)100
https://arxiv.org/abs/1608.08135
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.08135
https://doi.org/10.1088/1475-7516/2017/05/033
https://arxiv.org/abs/1703.03797
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.03797
https://doi.org/10.1088/1475-7516/2013/08/025
https://arxiv.org/abs/1304.4840
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1304.4840
https://doi.org/10.1103/PhysRevLett.114.211101
https://doi.org/10.1103/PhysRevLett.114.211101
https://arxiv.org/abs/1404.6495
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1404.6495
https://doi.org/10.1088/1475-7516/2015/02/018
https://arxiv.org/abs/1408.1952
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.1952
https://doi.org/10.1088/1475-7516/2014/10/071
https://arxiv.org/abs/1408.0670
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.0670
https://doi.org/10.1103/PhysRevD.90.104033
https://arxiv.org/abs/1409.6708
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1409.6708
https://doi.org/10.1103/PhysRevD.92.084013
https://arxiv.org/abs/1506.01974
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1506.01974
https://doi.org/10.1088/1475-7516/2020/09/002
https://doi.org/10.1088/1475-7516/2020/09/002
https://arxiv.org/abs/2002.08269
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2002.08269
https://arxiv.org/abs/2108.01339
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2108.01339


J
H
E
P
1
1
(
2
0
2
1
)
1
6
3

[77] M. Sasaki, Gauge Invariant Scalar Perturbations in the New Inflationary Universe, Prog.
Theor. Phys. 70 (1983) 394 [INSPIRE].

[78] H. Kodama and M. Sasaki, Cosmological Perturbation Theory, Prog. Theor. Phys. Suppl. 78
(1984) 1 [INSPIRE].

[79] V.F. Mukhanov, Quantum Theory of Gauge Invariant Cosmological Perturbations, Sov. Phys.
JETP 67 (1988) 1297 [INSPIRE].

[80] X. Gao and X.-Y. Hong, Propagation of gravitational waves in a cosmological background,
Phys. Rev. D 101 (2020) 064057 [arXiv:1906.07131] [INSPIRE].

[81] Y. Cai and Y.-S. Piao, The slow expansion with nonminimal derivative coupling and its
conformal dual, JHEP 03 (2016) 134 [arXiv:1601.07031] [INSPIRE].

– 14 –

https://doi.org/10.1143/PTP.70.394
https://doi.org/10.1143/PTP.70.394
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.%2C70%2C394%22
https://doi.org/10.1143/PTPS.78.1
https://doi.org/10.1143/PTPS.78.1
https://inspirehep.net/search?p=find+J%20%22Prog.Theor.Phys.Suppl.%2C78%2C1%22
https://inspirehep.net/search?p=find+J%20%22Sov.Phys.JETP%2C67%2C1297%22
https://doi.org/10.1103/PhysRevD.101.064057
https://arxiv.org/abs/1906.07131
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.07131
https://doi.org/10.1007/JHEP03(2016)134
https://arxiv.org/abs/1601.07031
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1601.07031

	Introduction
	Improved DHOST Genesis
	Action
	The Genesis solution
	Model parameters

	Background evolution
	Scalar perturbation
	Dynamic equation and the stability issue
	General expression for the scalar power spectrum
	Vacuum initial condition

	Tensor perturbation
	Conclusion and outlook

