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We study the adiabaticity of the cosmological perturbations in the context of inflationary Einstein-
Gauss-Bonnet theories. We focus on viable inflationary Einstein-Gauss-Bonnet theories which are
compatible with the current cosmic microwave background radiation experiments and also are compatible
with the GW170817 observations. We derive the effects of the adiabaticity requirement on the Einstein-
Gauss-Bonnet physical parameters and we show that the sound speed of the scalar perturbations and the
propagation speed of the tensor perturbations are constrained. We consider two classes of inflationary
viable and GW170817-compatible theories, and in the first class the adiabaticity is not violated during
inflation, while in the second class the adiabaticity is violated only at the end of inflation. We discuss the
effects of the adiabaticity violation in the second class of models. From our analysis, it seems that only one
class of viable EGB inflationary theories, which is also compatible with the GW170817 event, is free from
adiabaticity pathologies.
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I. INTRODUCTION

The next decade is expected to be quite fascinating, since
major experiments having to do with cosmology are
expected to commence. The most important aim of these
experiments is to reveal whether the inflationary regime of
our Universe took place primordially. Undoubtedly, the
primordial era of our Universe has long been theorized and
the only theory that can actually be tested is inflation [1–6].
The inflation theory is a theoretical construction that solves
the flatness and horizon problems of the standard big bang
cosmology and currently is constrained by the cosmic
microwave background (CMB) experiments. A smoking
gun signature of inflation would be the observation of the
B-modes in the CMB polarization. This is the aim of the
near future CMB experiments like the Simons Observatory
[7] and the LiteBird experiment [8]. Apart from the CMB,
the inflationary era can be indirectly revealed by the
existence of a stochastic gravitational wave background
with cosmological origin, and this will be probed in the mid

2030s by the future gravitational wave experiments [9–17].
NANOGrav already confirmed the existence of a stochastic
gravitational wave background in 2023 [18], but it is highly
unlikely that such a background can be attributed solely to
inflation [19,20].
Apart from the single scalar field modeling of inflation

[1–6], there is also the modified gravity description [6,21–
23], and two mainstream modified gravity theories are of
fundamental importance for modelling inflation, FðRÞ
gravity [24–46] and Einstein-Gauss-Bonnet (EGB) gravity
[47–78]. Both these theories are very well theoretically
motivated, because the EGB term and the FðRÞ gravity
emerge as the one-loop corrections of a single scalar field
in its vacuum configuration, which is conformally or
minimally coupled. Indeed, the quantum corrections of
the scalar field action has the form [71]

Seff ¼
Z

d4x
ffiffiffiffiffiffi
−g

p ðΛ1 þ Λ2Rþ Λ3R2 þ Λ4RμνRμν

þ Λ5RμναθRμναθ þ Λ6□Rþ Λ7R□R

þ Λ8Rμν□Rμν þ Λ9R3 þOð∂8Þ þ � � �Þ; ð1:1Þ

with the parameters Λi, i ¼ 1; 2;…; 6 being dimensionful
constants. Doubts were cast on EGB theories and Horndeski
theories in general back in 2017, with the release of the
GW170817 observation [79–82], see Refs. [83–87]. The
GW170817 constraint on the gravitational wave speed is
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jc2T − 1j < 6 × 10−15; ð1:2Þ

and since EGB and many Horndeski theories in general
predict a speed of tensor perturbations distinct from unity in
natural units, these theories were cast out from being viable
inflationary theories. A remedy however for EGB theories
was proposed in Refs. [72–75], which solved the viability
issues of EGB theories.
In this work we focus on the viable EGB inflationary

theories of Refs. [72–75] and we study an aspect of these
theories that has never been formally addressed in the
literature, namely the adiabaticity of the cosmological
perturbations of these theories. Specifically, we shall study
two distinct classes of viable EGB theories, the constrained
EGB inflationary theories developed in [72–74] and the
unconstrained EGB inflationary theories [75]. We shall
analyze the adiabaticity criteria for general inflationary
EGB theories, and we shall study which of the two classes
respects the adiabaticity criteria. As we demonstrate, the
constrained EGB theories violate the adiabaticity criteria at
the end of the inflationary era, in the last few e-foldings,
thus particle creation takes place at the end of inflation, but
also the power spectrum is affected by the nonadiabaticity
of the perturbations. However, the unconstrained EGB
theories do not violate the adiabaticity criteria.
For the rest of this work, we assume that the spacetime is

described by a flat Friedmann-Robertson-Walker (FRW)
spacetime, with line element,

ds2 ¼ −dt2 þ aðtÞ2
X

i¼1;2;3

ðdxiÞ2; ð1:3Þ

where aðtÞ is the scale factor and also the Hubble rate
is H ¼ ȧ

a.

II. ADIABATIC PERTURBATIONS AND THE
ADIABATIC VACUUM OF EGB THEORIES

A. Adiabatic cosmological perturbation definition

In this section we thoroughly discuss the meaning of the
adiabatic vacuum and the adiabatic perturbations in cos-
mology. The terminology “adiabatic” in curved spacetime
quantum field theories refers essentially to the quantum
mechanical adiabaticity and not the thermodynamical
adiabatic processes. The term adiabatic means essentially
that the transitions between instantaneous eigenmodes is
suppressed, and no Bogoliubov mixing occurs. If no
Bogoliubov mixing occurs in the perturbation modes of
a cosmological theory, no particle production occurs and
vice versa. This occurs in cosmological theories where the
background parameters vary very slowly compared to the
oscillation time scale of the field modes.
In cosmological theories, the perturbations satisfy an

evolution equation of the form

∂
2χkðηÞ
∂η2

þ ωkðηÞ2χkðηÞ ¼ 0; ð2:1Þ

where χkðηÞ is χkðηÞ ¼ aðηÞϕkðηÞ and ϕkðηÞ are the Fourier
modes of the perturbations, aðηÞ is the scale factor, and η is
the conformal time. More importantly, the frequency ωkðηÞ
is a time-dependent variable which is model dependent and
depends strongly on the Mukhanov-Sasaki variable in
cosmological contexts.
In curved spacetime, the definition of a particle and the

very own definition of the vacuum state becomes quite
fuzzy. However, the adiabatic vacuum bypasses these
problems of the Fock space of the perturbations, and it
relies heavily on the high frequency regime of the pertur-
bations, the subhorizon regime. The main problem with
Eq. (2.1) is that the frequency ωkðηÞ can get quite
complicated and thus the definition of an adiabatic vacuum
can get cumbersome, and particles may be produced if the
solutions are not adiabatic, due to the mixing of the in- and
out-states, due to the effect of curved spacetime. Thus if the
solutions are adiabatic, no such mixing occurs and thus no
particle production occurs.
In order to have a concrete definition of the vacuum we

need adiabatic solutions for Eq. (2.1), so we employ a
WKB recursion method of solving it, with solutions of the
form

χkðηÞ ¼
1

2ωðηÞ e
�
R

η
ωðηÞ; ð2:2Þ

where ωðηÞ is evaluated using a recursion formula, and the
leading-order expression is

ωðηÞ2 ¼ ωkðηÞð1þ δ2ðηÞωkðηÞ−2 þ � � �Þ; ð2:3Þ

where δ2ðηÞ is easily evaluated by using a recursion series
for ωðηÞ, and it reads

δ2ðηÞ ¼
3

4

�
ω0
kðηÞ

ωkðηÞ
�

2

−
1

2

ω00
kðηÞ

ωkðηÞ
; ð2:4Þ

where the “prime” denotes differentiation with respect to
the conformal time. The adiabaticity condition is that the
leading-order term δ2ðηÞωkðηÞ−2 must satisfy

j��δ2ðηÞωkðηÞ−2
�� ≪ 1: ð2:5Þ

Now let us make contact with specific cosmological
theories, so we consider EGB theories in a flat FRW
spacetime. In order to quantify optimally the problem at
hand, so in the next section we recall the essential features
of EGB inflationary theories.
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B. Overview of viable EGB inflationary theories

Viable EGB inflationary theories have many challenges
to face, since the theory must be simultaneously compatible
with the Planck data, and alternatively the ACT data, but
also these theories must be compatible with the GW170817
even which put serious constraints on the propagation
speed of the tensor perturbations. For reference, the Planck
data [88] and BICEP data [89] constrain the spectral index
of the scalar perturbations as follows:

nS ¼ 0.9649� 0.0042; r < 0.036: ð2:6Þ

The Planck data are the benchmark in inflationary cosmol-
ogy, at least currently, but there are also the ACT data
[90,91] which are in 2σ tension with the Planck data, since
the scalar spectral index was found to be constrained as

nS ¼ 0.9743� 0.0034: ð2:7Þ

This tension has attracted the attention of theoretical
cosmologists in the field, and a considerable number of
works has been published, aiming to model inflationary
models that are compatible with the ACT data, see
Refs. [92–138] and references therein. Let us note that
the ACT data are not considered solely, but in conjunction
with the DESI data [139], and the DESI data have really
stirred things up in theoretical cosmology [140–144],
which added new mysteries in the already mysterious basis
of cosmology [145–150], see also Ref. [151] for fresh
insights in the field of inflationary cosmology and its
interconnection to the Hubble tension. So regarding the
inflationary viability, we shall consider both the benchmark
Planck data and the ACT data and of course GW170817
compatible theories only.
Let us return to EGB inflationary theories, and we

present in brief the formalism of EGB inflationary theories.
The action of EGB theories is

S ¼
Z

d4x
ffiffiffiffiffiffi
−g

p �
R
2κ2

−
1

2
∂μϕ∂

μϕ − VðϕÞ − 1

2
ξðϕÞG

�
;

ð2:8Þ

with R denoting the Ricci scalar, κ ¼ 1
Mp

withMp being the

reduced Planck mass, and in addition G is the four-
dimensional Gauss-Bonnet invariant, which is expressed
in terms of the Ricci scalar, the Ricci tensor Rαβ, and the
Riemann tensor Rαβγδ in the following way:
G ¼ R2 − 4RαβRαβ þ RαβγδRαβγδ. By assuming that the
scalar field has no space dependence, by varying the action
(2.8) with respect to the scalar field and the metric, we
obtain the following field equations:

3H2

κ2
¼ 1

2
ϕ̇2 þ V þ 12ξ̇H3; ð2:9Þ

2Ḣ
κ2

¼ −ϕ̇2 þ 4 ̈ξH2 þ 8ξ̇HḢ − 4ξ̇H3; ð2:10Þ

ϕ̈þ 3Hϕ̇þ V 0 þ 12ξ0H2ðḢ þH2Þ ¼ 0: ð2:11Þ

The inflationary era occurs when Ḣ ≪ H2, and also it is
mandatory to have a slow-roll inflationary era in order for
the inflationary regime to last long enough in order to solve
the horizon and flatness problems. So we need to require
the following slow-roll constraints:

Ḣ ≪ H2;
ϕ̇2

2
≪ V; ϕ̈ ≪ 3Hϕ̇: ð2:12Þ

The speed of the tensor perturbations of the EGB is equal
to [47],

c2T ¼ 1 −
Qf

2Qt
; ð2:13Þ

with the functions Qf, F, and Qb being equal to

Qf ¼ 8ðξ̈ −Hξ̇Þ, Qt ¼ F þ Qb
2
, F ¼ 1

κ2
and in addition

Qb ¼ −8ξ̇H. The inflationary phenomenology can be
derived by using the slow-roll indices, and the observa-
tional indices are expressed in terms of the slow-roll
indices. The slow-roll indices for EGB theories have the
general form [47],

ϵ1 ¼ −
Ḣ
H2

ϵ2 ¼
ϕ̈

Hϕ̇
ϵ3 ¼ 0

ϵ4 ¼
Ė

2HE
ϵ5 ¼

Qa

2HQt
ϵ6 ¼

Q̇t

2HQt
; ð2:14Þ

with Qa¼−4ξ̇H2, Qb ¼ −8ξ̇H, E¼ 1
ðκϕ̇Þ2 ðϕ̇2þ 3Q2

a
2Qt

þQcÞ,
Qc ¼ 0, Qd ¼ 0, Qe ¼ −16ξ̇ Ḣ, Qf ¼ 8ð ̈ξ − ξ̇HÞ and in
addition Qt ¼ 1

κ2
þ Qb

2
. The observational indices of infla-

tion that are severely constrained by the CMB experiments
are the spectral index of the primordial scalar perturbations,
which is

nS ¼ 1þ 2ð−2ϵ1 − ϵ2 − ϵ4Þ
1 − ϵ1

; ð2:15Þ

and also the tensor-to-scalar ratio which is equal to

r ¼
������
16
�
c3A
�
ϵ1 − 1

4
κ2
�
2QcþQd

H2 − Qe
H þQf

���
c3T
�
κ2Qb
2

þ 1
�

������; ð2:16Þ

where cA is the sound speed of the scalar perturbations, the
exact form of which is
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cA ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QaQe
2

κ2
þQb

þQf

�
Qa

2

κ2
þQb

�
2

þQd

ϕ̇2 þ 3Q2
a

2

κ2
þQb

þQc

þ 1

vuuuut : ð2:17Þ

This is an important quantity that will determine the
adiabatic perturbations. Also, the propagation speed of
the tensor perturbations, which is essentially the primordial
gravitational wave propagation speed, appears in Eq. (2.13)
and this quantity will also determine the adiabaticity
conditions for the perturbations. The spectral index of
the tensor perturbations has the following form:

nT ¼ −2
ðϵ1 þ ϵ6Þ
1 − ϵ1

: ð2:18Þ

The last observational quantity which is necessary for EGB
inflationary phenomenology is the amplitude of the scalar
perturbations Pζðk�Þ which is constrained by the Planck
data [88] as follows: Pζðk�Þ ¼ 2.196þ0.051

−0.06 × 10−9. The
definition of the amplitude of the scalar perturbations is

Pζðk�Þ ¼
k3�
2π2

Pζðk�Þ; ð2:19Þ

and it must be evaluated at first horizon crossing at the
beginning of inflation, with k� being the CMB pivot scale.
In the case of EGB theories, the amplitude of the scalar
perturbations PζðkÞ can be written in terms of the slow-roll
parameters as follows [47]:

PζðkÞ ¼
�
kðð−2ϵ1 − ϵ2 − ϵ4Þð0.57þ logðjkηjÞ − 2þ logð2ÞÞ − ϵ1 þ 1Þ

ð2πÞ
�
zc

4−nS
2

A

�
�

2

; ð2:20Þ

with z ¼
aϕ̇

ffiffiffiffiffi
EðϕÞ
1

κ2

q
Hðϵ5þ1Þ , with η ¼ − 1

aH
1

−ϵ1þ1
, and all the quantities

appearing above must be calculated at the first horizon
crossing.
Now there are two classes of GW170817 compatible

EGB theories, which produce a viable inflationary regime.
These were developed in Refs. [72,74] where a constraint
satisfied by the nonminimal Gauss-Bonnet coupling ξðϕÞ is
satisfied, and in Ref. [75] where the resulting theory
produces a gravitational wave speed compatible with the
GW170817 constraints. We shall call the former class of
EGB theories of Refs. [72,74] constrained EGB gravity,
and the theory developed in [75] unconstrained EGB
gravity.

C. Conditions for adiabatic perturbations
in EGB gravity

Let us now derive the Mukhanov-Sasaki equation for the
scalar and tensor perturbations of EGB gravity. Our aim is
to reveal the actual form of Eq. (2.1) for the cosmological
perturbations of EGB and to see at first hand the conditions
that adiabaticity imposes on the minimal Gauss-Bonnet
coupling. Then we can work out numerically and in some
cases analytically the conditions of adiabaticity and see
when the theory at hand produces nonadiabatic perturba-
tions. Finally we discuss qualitatively later on the effects of
adiabaticity violation.
Let us derive the perturbation equations for EGB gravity

based on the presentation of [47]. The metric perturbation
of the flat FRW spacetime is

ds2 ¼ −a2ð1þ 2αÞdη2 − 2a2β;αdηdxα þ a2ðgð3Þαβ

þ 2φgð3Þαβ þ 2γ;αjβ þ 2CαβÞdxαdxβ; ð2:21Þ

where aðηÞ is the scale factor expressed in terms of the
conformal time η. The parameters α, β, γ, and φ quantify
the scalar spacetime-dependent perturbations, and also Cαβ

stands for the tensor perturbation and it is a transverse and

trace-free tensor. Also gð3Þαβ denotes the metric of the
comoving three-space section corresponding to the FRW
metric,

gð3Þαβ dx
αdxβ ¼ 1

ð1þ r̄2Þ2 ðdx
2 þ dy2 þ dz2Þ: ð2:22Þ

We can express the kinematic quantities in the normal
frame in the following way:

θ ¼ 3H; σαβ ¼ χ;αjβ −
1

3
gð3ÞαβΔχ þ a2ĊðtÞ

αβ ;

aα ¼ α;α; RðhÞ ¼ 1

a2
½6K − 4Δφ�; ð2:23Þ

where

χ ≡ aðβ þ aγ̇Þ; ð2:24Þ

and also Δ denotes the Laplacian operator of gð3Þαβ . In
addition θ denotes the expansion scalar, also σab denotes
the shear tensor, and in addition aa stands for the
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acceleration vector. By performing the gauge transformation, x̂a ≡ xa þ ξ̃aðxeÞ we obtain the following expressions for the
perturbation variables:

α̂ ¼ α− ξ̇t; β̂ ¼ β −
1

a
ξt þ a

�
ξ

a

�
·
; γ̂ ¼ γ −

1

a
ξ; φ̂ ¼ φ−Hξt; χ̂ ¼ χ − ξt; κ̂ ¼ κ þ

�
3Ḣþ Δ

a2

�
ξt;

δμ̂ ¼ δμ− μ̇ξt; δp̂ ¼ δp− ṗξt; v̂ ¼ v−
1

a
ξt; Π̂ ¼ Π; δϕ̂ ¼ δϕ− ϕ̇ξt; Ĉαβ ¼ Cαβ; Π̂ðtÞ

αβ ¼ ΠðtÞ
αβ ;

ð2:25Þ
with ξ0 ≡ 1

a ξ
t and moreover ξα ≡ ξ;α. In addition, ϕ̄ and δϕ stand for the background and also the perturbation part of the

scalar field ϕðx; tÞ. We shall use the following gauge-invariant variables:

φχ ≡ φ −Hχ; φv ≡ φ − aHv; δv ≡ δ − a
μ̇

μ
v; δϕφ ≡ δϕ −

ϕ̇

H
φ≡ −

ϕ̇

H
φδϕ;

vχ ≡ v −
1

a
χ ≡ −

1

a
χv; ð2:26Þ

with δ≡ δμ=μ. In addition, we shall use the perturbation
variable definitions that follow:

Φ≡ φδϕ; Ψ≡ φχ þ
Ḟ þQa

2F þQb

δFχ

Ḟ
; ð2:27Þ

and in addition the sound wave speed is

c2A ¼ 1þ
Qd þ ḞþQa

2FþQb
Qe þ

�
ḞþQa
2FþQb

�
2

Qf

ωϕ̇2 þ 3
ðḞþQaÞ2
2FþQb

þQc

: ð2:28Þ

The scalar-type perturbation equations for EGB are written
as

Φ̇ ¼ 2x1
Δ
a2

Ψ; ð2:29Þ

1

x2
ðx2ΨÞ· ¼

1

2
x3Φ; ð2:30Þ

with

x1 ¼
�
H þ ḞþQa

2FþQb

��
F þ 1

2
Qb

�
ωϕ̇2 þ 3

ðḞþQaÞ2
2FþQb

þQc

; ð2:31Þ

x2 ¼
a
�
F þ 1

2
Qb

�
H þ ḞþQa

2FþQb

; ð2:32Þ

x3 ¼
1�

H þ ḞþQa
2FþQb

��
F þ 1

2
Qb

� x4; ð2:33Þ

x4 ¼ ϕ̇2 þ 3
ðḞ þQaÞ2
2F þQb

þQc þQd þ
Ḟ þQa

2F þQb
Qe

þ
�
Ḟ þQa

2F þQb

�
2

Qf; ð2:34Þ

and F ¼ 1
κ2
. Upon normalizing, and redefining the varia-

bles,

z ¼ aϕ̇
H

; ṽ≡ zΦ; u≡ 1

κ2
a
H
1

z
Ψ; ð2:35Þ

we get the perturbation equations,

ṽ00 −
�
c2AΔþ z00

z

�
ṽ ¼ a2z

�
1

az2
ðaz2Φ̇Þ· − c2A

Δ
a2

Φ
	
¼ 0;

ð2:36Þ

u00 −
�
c2AΔþ ð1=z̄Þ00

ð1=z̄Þ
	
u

¼ a2x2
z̄



z̄2

ax2

�
a
z̄2
ðx2ΨÞ·

	
·
− c2A

Δ
a2

Ψ
�

¼ 0; ð2:37Þ

and cA is the sound wave speed of the fluctuating fluid or
the fluctuating field and of the excited metric. Regarding
the tensor mode, by using

zt ≡ a
ffiffiffiffiffiffi
Qt

p
; vt ≡ ztΦ; ð2:38Þ

with Φ ¼ Cαβ or hlk, we obtain

v00t −
�
c2TΔþ z00t

zt

�
vt ¼ a2zt

�
1

az2t
ðaz2t Φ̇Þ· − c2T

Δ
a2

Φ
	
¼ 0:

ð2:39Þ
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The two differential equations (2.36) and (2.39) are the
Mukhanov-Sasaki perturbation equations for EGB gravity
and specifically the scalar and tensor perturbation equations
respectively.
Now we can proceed by specifying the exact form of

ωkðηÞ in Eq. (2.1) for the scalar and tensor perturbations of
EGB gravity. Let us start with the scalar perturbations, so
the second-order perturbed Mukhanov action for the scalar
perturbation ṽ is

δS2 ¼ 1

2

Z �
ṽ002 − c2Aṽ

;μṽ;μ þ
z00

z
ṽ2
�
dx3dν; ð2:40Þ

so by using the definition above ṽ ¼ zΦ, we get the
perturbation equation for the scalar perturbations,

ṽ00 −
�
−c2Ak2 þ

z00

z

�
ṽ ¼ 0; ð2:41Þ

and expanding ṽ in Fourier modes, we obtain

ṽ ¼
Z

dk3

ð2πÞ3 ðakvke
ikx þ a†kv

�
ke

−ikxÞ: ð2:42Þ

Then each Fourier mode vk of the scalar perturbation ṽ
satisfies the following evolution equation:

v00k −
�
−c2Ak2 þ

z00

z

�
vk ¼ 0: ð2:43Þ

The differential equation (2.43) is identical to Eq. (2.1) so
we can identify

ωkðηÞ ¼ c2Ak
2 −

z00

z
: ð2:44Þ

Now in view of Eq. (2.3) and also (2.4), the adiabaticity
condition (2.5) at leading order reads����ω0

k

ω2
k

���� ≪ 1: ð2:45Þ

Considering the subhorizon modes, we have ωk ∼ cAk, thus
the adiabaticity condition becomes���� c0Ac2Ak

���� ≪ 1; ð2:46Þ

or in terms of the cosmic time,���� aċAc2Ak

���� ≪ 1: ð2:47Þ

By introducing the Hubble rate H at both hands of
the above equation, the condition (2.47) can easily be
written as

���� ċA
cAH

���� ≪ kcA
aH

; ð2:48Þ

and since we are considering subhorizon modes, the
condition (2.48) reads

���� ċA
cAH

���� ≪ 1: ð2:49Þ

Now the violation of adiabaticity occurs near the horizon
crossing of the subhorizon modes, when cAk ∼ aH, so
when

���� ċA
cAH

���� ∼ 1; ð2:50Þ

the adiabaticity is violated. In the same way, the adiaba-
ticity criterion for the tensor perturbations is

���� ċT
cTH

���� ≪ 1: ð2:51Þ

Now suppose that the adiabaticity criteria are violated, so
we shall provide some general formulas for EGB gravity,
which will cover the adiabaticity investigation to be
presented in the next sections. Suppose we start from an
adiabatic vacuum,

vk ¼
1ffiffiffiffiffiffi
ωk

p e−i
R

η
ωkdη; ð2:52Þ

so this is the “in” cosmological state asymptotically in the
past at the beginning of inflation. The cosmological “out”
state is

vk ¼
1ffiffiffiffiffiffi
ωk

p
�
akðηÞe−i

R
η
ωkdη þ βkðηÞei

R
η
ωkdη

�
; ð2:53Þ

hence positive and negative solutions mix in the “out state.”
The problematic term, that will cause particle production if
the adiabaticity condition is violated, is the negative
frequency term that contains the Bogoliubov coefficient
βkðηÞ, which is equal to

βkðηÞ ¼
Z

η

−∞
dτ

ω0
kðτÞ

2ωkðτÞ
e−2i

R
η
ωkðτÞdτ; ð2:54Þ

which stems from the evolution equation

β0kðηÞ ¼
ω0
kðηÞ

2ωkðηÞ
e−2i

R
η
ωðτÞdτ: ð2:55Þ

Equation (2.54) is easily converted to contain the cosmic
time,
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βkðtÞ ¼
Z

t

−∞
dt

ω̇kðtÞ
2ωkðtÞ

e−2i
R

tωkðtÞ
aðtÞ dt: ð2:56Þ

In the following sections we shall investigate the implica-
tions of the adiabaticity conditions developed in this section
to two mainstream EGB inflationary approaches appearing
in the literature.

III. GW170817-COMPATIBLE UNCONSTRAINED
EGB THEORIES ARE ALSO FULLY ADIABATIC

In this section we examine the adiabaticity of the
inflationary perturbations for the unconstrained EGB infla-
tionary theories that respect the GW170817 constraint
(1.2). For the phenomenology of this section, and the
assignment of numerical values in the free parameters, we
shall use the Planck units system,

κ2 ¼ 1

8πG
¼ 1

M2
P
¼ 1; ð3:1Þ

however for the expressions we shall keep the Planck
related parameter κ ¼ 1

Mp
, in order to be formal. Only in the

numerical analysis we shall use Planck units for simplicity.
We shall examine if the adiabaticity constraints (2.49)

are satisfied for the inflationary viable theories developed
in Ref. [75]. The constraints imposed on the EGB infla-
tionary theories are indeed large in number and too
restrictive but the models of this section succeed to pass
all the phenomenological tests, and even the adiabaticity
constraints. Let us recall the formalism before we proceed
to the examination of the models, which will be numerical
for the whole duration of the inflationary regime. Recall
that the constraint (1.2) requires the gravitational wave
speed of Eq. (2.13) to have significantly small contributions
related to the Gauss-Bonnet coupling function. From the
gravitational wave speed functional form (2.13), we can see
that the constraint (1.2) can be satisfied if

κ2ξ̇H ≪ 1; κ2ξ̈ ≪ 1: ð3:2Þ

These two constraints have to be satisfied independently
from each other, and note that these two constraints are
fundamental and are not chosen for the sake of analyticity.
These constraints realize the requirement that c2T ∼ 1, and
in this context, the Gauss-Bonnet coupling is free to chose,
in contrast to the approach adopted in Refs. [72–74] which
will be discussed in the next section. Now in the present
context, due to the assumptions (3.2) and also taking into
account the slow-roll assumptions, the Friedmann equation
reads

H2 ≃
κ2V
3

; ð3:3Þ

and by making the effective theory motivated assumptions,

κ2ξ̇H3 ≪ κ2ϕ̇2; κ2 ̈ξH2 ≪ κ2ϕ̇2; ð3:4Þ

the Raychaudhuri equation reads

Ḣ ≃ −
1

2
κ2ϕ̇2; ð3:5Þ

while the modified Klein-Gordon equation becomes

ϕ̇ ≃ −
12ξ0ðϕÞH4 þ V 0

3H
: ð3:6Þ

Now, having at hand the structural field equations at an
effective field theory leading-order level, we can proceed to
the phenomenology of the models of this section. The e-
foldings number is

N ¼
Z

tf

ti

Hdt ¼
Z

ϕf

ϕi

H

ϕ̇
dϕ; ð3:7Þ

with ϕi and ϕf being the scalar field values at first horizon
crossing, and at the end of inflation respectively. Taking
into account (3.6) and (3.7), the e-foldings number (3.7)
takes the form

N ¼
Z

ϕf

ϕi

2H2

12ξ0H4 þ V 0 dϕ; ð3:8Þ

which in view of the Friedmann equation (3.3) is finally
written as

N ¼
Z

ϕi

ϕf

κ2VðϕÞ
V 0ðϕÞ þ 4

3
κ4VðϕÞ2ξ0ðϕÞ dϕ: ð3:9Þ

At this point, we can express the first slow-roll index in
terms of the Gauss-Bonnet scalar coupling and the scalar
potential, so combining Eqs. (3.3), (3.5), and (3.6), we have

ϵ1 ¼
4

3
κ2ξ0ðϕÞV 0ðϕÞ þ V 0ðϕÞ2

2κ2VðϕÞ2 þ
8

9
κ6VðϕÞ2ξ0ðϕÞ2:

ð3:10Þ

In order to have full analytic command of the inflationary
phenomenology, we may choose the Gauss-Bonnet scalar
coupling function as

ξ0ðϕÞ ¼ λV 0ðϕÞ
VðϕÞ2 ; ð3:11Þ

so the gravitational wave speed becomes
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c2T ¼ −8λð4λþ 3Þ2VðϕÞV 0ðϕÞ2V 00ðϕÞ þ 10λð4λþ 3Þ2V 0ðϕÞ4 þ 27VðϕÞ4
3VðϕÞ2ð4λð4λþ 3ÞV 0ðϕÞ2 þ 9VðϕÞ2Þ ; ð3:12Þ

and the first slow-roll index takes the form

ϵ1 ¼
ð4λþ 3Þ2V 0ðϕÞ2

18VðϕÞ2 ; ð3:13Þ

while the e-foldings number takes the form

N ¼
Z

ϕi

ϕf

VðϕÞ
4
3
λV 0ðϕÞ þ V 0ðϕÞ dϕ: ð3:14Þ

An interesting aspect of the models (3.11) is that the
coupling term increases when the potential decreases
during inflation [67].
Having the formalism at hand, we can proceed to

examine the phenomenology of some models, and also
examine numerically whether the adiabaticity constraints
are satisfied. Let us start with the following model, in which
the scalar potential is chosen as

VðϕÞ ¼ M

�
1 −

δ

κϕ

�
; ð3:15Þ

and ξ0ðϕÞ in this case is

ξ0ðϕÞ ¼ δκλ

Mðδ − κϕÞ2 ; ð3:16Þ

and the first slow-roll index is

ϵ1 ¼
δ2ð4κ4λþ 3Þ2

18κ2ϕ2ðδ − κϕÞ2 ; ð3:17Þ

while the e-foldings number is

N ¼ −
3κ2

�
δϕ2

2
− κϕ3

3

�
δð4κ4λþ 3Þ

����ϕi

ϕf

: ð3:18Þ

This model can be compatible with the ACT data as we now
evince, for various choices of the free parameters of the
model. For example the compatibility with the ACT data
comes for the choice N ¼ 60 and ðδ; λ;MÞ ¼ ð10−3; 10−18;
2.52 × 10−12Þ, in which case we get nS ¼ 0.97777, r ¼
0.0001574 and the gravitational wave speed is jc2T − 1j ¼
1.28 × 10−23 and also the amplitude of the scalar pertur-
bations is Pζðk�Þ ¼ 2.196 × 10−9. Also the adiabaticity
constraint is satisfied for the whole duration of the infla-
tionary era. This can be seen in Fig. 1 where we present the
behavior of the constraint ċA

cAH
as a function of the e-foldings

number (left plot) and the gravitational wave speed as a
function of the e-foldings (right plot). As can be seen, the
resulting theory is phenomenologically viable and it also
produces adiabatic perturbations, for the whole inflationary
era. The numerical values of ċA

cAH
are too small, so we quote

here the actual values at the end and the beginning of
inflation and these are ċA

cAH
jϕf

¼ −1.5130 × 10−33 and
ċA
cAH

jϕi
¼ −5.257 × 10−48 respectively.

Now let us proceed with a model that is both ACT and
Planck compatible, in which case the scalar potential is
chosen as

VðϕÞ ¼ M

�
1 −

δ

κϕ2

�
; ð3:19Þ

and ξ0ðϕÞ in this case is

FIG. 1. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.15).
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ξ0ðϕÞ ¼ 2δκλϕ

Mðδ − κϕ2Þ2 ; ð3:20Þ

and the first slow-roll index is

ϵ1 ¼
2δ2ð4κ4λþ 3Þ2
9κ2ϕ2ðδ − κϕ2Þ2 ; ð3:21Þ

while the e-foldings number is

N ¼ −
3κ2

�
δϕ2

2
− κϕ4

4

�
2δð4κ4λþ 3Þ

����ϕi

ϕf

: ð3:22Þ

This model can be compatible with both the ACT data and
the Planck data, as we now evince, for various choices of the
free parameters of the model. For example the compatibility
with the ACT data comes for the choice N ¼ 60 and
ðδ; λ;MÞ ¼ ð1.2; 10−18; 1.06 × 10−10Þ, in which case we
get nS ¼ 0.9750, r ¼ 0.006329 and the gravitational wave
speed is jc2T − 1j ¼ 5.1436 × 10−22 and also the amplitude
of the scalar perturbations is Pζðk�Þ ¼ 2.196 × 10−9. With
regard to the compatibility of the model with respect to the
Planck data, the compatibility with the Planck data comes
for the choice N ¼ 50 and ðδ; λ;MÞ ¼ ð10−3; 10−20;
1.06 × 10−10Þ, in which case we get nS ¼ 0.96876, r ¼
0.0002683 and the gravitational wave speed is jc2T − 1j ¼
2.0705 × 10−18 and also the amplitude of the scalar per-
turbations is Pζðk�Þ ¼ 2.196 × 10−9. Also the adiabaticity
constraint is satisfied for the whole duration of the infla-
tionary era. This can be seen in Fig. 2 where we present the
behavior of the constraint ċA

cAH
as a function of the e-foldings

number (left plot) and the gravitational wave speed as a
function of the e-foldings (right plot). As it can be seen, the
resulting theory is phenomenologically viable and it also
produces adiabatic perturbations, for the whole inflationary
era. The numerical values of ċA

cAH
are too small, so we quote

here the actual values at the end and the beginning of

inflation and these are ċA
cAH

jϕf
¼ −5.52158 × 10−34 and

ċA
cAH

jϕi
¼ −1.56149 × 10−47 respectively, using the Planck

data compatibility. The same viability applies for the ACT
data too.
Now let us proceed with a model that is ACT compatible

only, in which case the scalar potential is chosen as

VðϕÞ ¼ M

�
1 −

δ

κϕ

�
2

; ð3:23Þ

and ξ0ðϕÞ in this case is

ξ0ðϕÞ ¼ −
2δκ2λϕ

Mðδ − κϕÞ3 ; ð3:24Þ

and the first slow-roll index is

ϵ1 ¼
2δ2ð4κ4λþ 3Þ2
9κ2ϕ2ðδ − κϕÞ2 ; ð3:25Þ

while the e-foldings number is

N ¼ −
3κ2

�
δϕ2

2
− κϕ3

3

�
2δð4κ4λþ 3Þ

����ϕi

ϕf

: ð3:26Þ

This model can be compatible wit the ACT data only as we
now evince, for various choices of the free parameters of
the model. For example the compatibility with the ACT
data comes for the choice N ¼ 60 and ðδ; λ;MÞ ¼
ð1.2; 10−20; 1.06 × 10−10Þ, in which case we get nS ¼
0.97623, r ¼ 0.02774, and the gravitational wave speed
is jc2T − 1j ¼ 1.2748 × 10−19 and also the amplitude of the
scalar perturbations is Pζðk�Þ ¼ 2.196 × 10−9. Also the
adiabaticity constraint is satisfied for the whole duration of
the inflationary era. This can be seen in Fig. 3 where we
present the behavior of the constraint ċA

cAH
as a function of

the e-foldings number (left plot) and the gravitational wave

FIG. 2. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.19), taking into account the Planck data compatibility of the model.
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speed as a function of the e-foldings (right plot). As it can
be seen, the resulting theory is phenomenologically viable
and it also produces adiabatic perturbations, for the whole
inflationary era. The numerical values of ċA

cAH
are too small,

so we quote here the actual values at the end and the
beginning of inflation and these are ċA

cAH
jϕf

¼ −3.39969 ×
10−39 and ċA

cAH
jϕi

¼ −1.17676 × 10−47 respectively.
Now let us proceed with a model that is only ACT

compatible, in which case the scalar potential is chosen as

VðϕÞ ¼ M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

d
κϕ

s
; ð3:27Þ

and ξ0ðϕÞ in this case is

ξ0ðϕÞ ¼ dλ

2κMϕ2
�
1 − d

κϕ

�
3=2 ; ð3:28Þ

and the first slow-roll index is

ϵ1 ¼
d2ð4κ4λþ 3Þ2

72κ2ϕ2ðd − κϕÞ2 ; ð3:29Þ

while the e-foldings number is

N ¼ −
6κ2

�
dϕ2

2
− κϕ3

3

�
dð4κ4λþ 3Þ

����ϕi

ϕf

: ð3:30Þ

This model can be compatible with the ACT data as we now
evince, for various choices of the free parameters of the
model. For example the compatibility with the ACT data
comes for the choice N ¼ 55 and ðd; λ;MÞ ¼ ð1.2; 10−18;
2.21 × 10−10Þ, in which case we get nS ¼ 0.9750, r ¼
0.006329, and the gravitational wave speed is jc2T − 1j ¼
3.1487 × 10−17 and also the amplitude of the scalar
perturbations is Pζðk�Þ ¼ 2.196 × 10−9. Also the adiaba-
ticity constraint is satisfied for the whole duration of
the inflationary era. This can be seen in Fig. 4 where we
present the behavior of the constraint ċA

cAH
as a function of

the e-foldings number (left plot) and the gravitational wave
speed as a function of the e-foldings (right plot). As can be
seen, the resulting theory is phenomenologically viable and

FIG. 3. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.23).

FIG. 4. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.27).
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it also produces adiabatic perturbations, for the whole
inflationary era. The numerical values of ċA

cAH
are too small,

so we quote here the actual values at the end and the
beginning of inflation and these are ċA

cAH
jϕf

¼ −8.39668 ×
10−35 and ċA

cAH
jϕi

¼ −2.4693 × 10−44 respectively.
Now let us proceed with a model that is ACT only

compatible, in which case the scalar potential is chosen as

VðϕÞ ¼ M
�
1 −

δ

κϕ

�
3=2

; ð3:31Þ

and ξ0ðϕÞ in this case is

ξ0ðϕÞ ¼ 3δλ

2κMϕ2ð1 − δ
κϕÞ5=2

; ð3:32Þ

and the first slow-roll index is

ϵ1 ¼
δ2ð4κ4λþ 3Þ2
8κ2ϕ2ðδ − κϕÞ2 ; ð3:33Þ

while the e-foldings number is

N ¼ −
2κ2

�
δϕ2

2
− κϕ3

3

�
δð4κ4λþ 3Þ

����ϕi

ϕf

: ð3:34Þ

This model can be compatible with the ACT data only as
we now evince, for various choices of the free parameters of
the model. For example the compatibility with the ACT
data comes for the choice N ¼ 60 and ðδ; λ;MÞ ¼
ð1.7; 10−18; 6.35 × 10−10Þ, in which case we get nS ¼
0.97626, r ¼ 0.028628, and the gravitational wave speed
is jc2T − 1j ¼ 1.3295 × 10−17 and also the amplitude of the
scalar perturbations is Pζðk�Þ ¼ 2.196 × 10−9. Also the
adiabaticity constraint is satisfied for the whole duration of
the inflationary era. This can be seen in Fig. 5 where we

present the behavior of the constraint ċA
cAH

as a function of
the e-foldings number (left plot) and the gravitational wave
speed as a function of the e-foldings (right plot). As can be
seen, the resulting theory is phenomenologically viable and
it also produces adiabatic perturbations, for the whole
inflationary era. The numerical values of ċA

cAH
are too small,

so we quote here the actual values at the end and the
beginning of inflation and these are ċA

cAH
jϕf

¼ −4.0385 ×
10−35 and ċA

cAH
jϕi

¼ −7.99588 × 10−44 respectively.
Finally we present another model that is both ACT and

Planck compatible, in which case the scalar potential is
chosen as

VðϕÞ ¼ MðκϕÞ2
dþ ðκϕÞ2 ; ð3:35Þ

and ξ0ðϕÞ in this case is

ξ0ðϕÞ ¼ 2dλ
κ2Mϕ3

; ð3:36Þ

and the first slow-roll index is

ϵ1 ¼
2d2ð4κ4λþ 3Þ2

9κ2ϕ2ðdþ κ2ϕ2Þ2 ; ð3:37Þ

while the e-foldings number is

N ¼
3
2
dκ2ϕ2 þ 3κ4ϕ4

4

8dκ4λþ 6d

����ϕi

ϕf

: ð3:38Þ

This model can be compatible with both the ACT data and
the Planck data as we now evince, for various choices of the
free parameters of the model. For example the compati-
bility with the ACT data comes for the choice N ¼ 60 and
ðd; λ;MÞ ¼ ð1.1; 10−20; 1.11 × 10−10Þ, in which case we
get nS ¼ 0.97432, r ¼ 0.0066397, and the gravitational

FIG. 5. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.31), taking into account the Planck data compatibility of the model.
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wave speed is jc2T − 1j ¼ 1.5891 × 10−19 and also the
amplitude of the scalar perturbations is Pζðk�Þ ¼
2.196 × 10−9. With regard to the compatibility of the
model with respect to the Planck data, the compatibility
with the Planck data comes for the choice N ¼ 50 and
ðd; λ;MÞ ¼ ð5.1; 10−20; 3.5 × 10−10Þ, in which case we get
nS ¼ 0.96809, r ¼ 0.019747, and the gravitational wave
speed is jc2T − 1j ¼ 9.3445 × 10−20 and also the amplitude
of the scalar perturbations is Pζðk�Þ ¼ 2.196 × 10−9. Also
the adiabaticity constraint is satisfied for the whole duration
of the inflationary era. This can be seen in Fig. 6 where we
present the behavior of the constraint ċA

cAH
as a function of

the e-foldings number (left plot) and the gravitational wave
speed as a function of the e-foldings (right plot). As it can
be seen, the resulting theory is phenomenologically viable
and it also produces adiabatic perturbations, for the whole
inflationary era. The numerical values of ċA

cAH
are too small,

so we quote here the actual values at the end and the
beginning of inflation and these are ċA

cAH
jϕf

¼ −2.49187 ×
10−39 and ċA

cAH
jϕi

¼ −8.29926 × 10−48 respectively, by
taking the Planck compatibility values of the free
parameters.

IV. CONSTRAINED EGB THEORIES,
NONADIABATICITY, PARTICLE PRODUCTION,

AND NEW FEATURES: SINUSOIDAL
POWER SPECTRUM

There is a second formalism to obtain a viable inflationary
EGB theory which is compatible with the GW170817 event,
and it was developed in Refs. [72–74]. In the context of this
formalism, one utilizes the fact that the gravitational wave
speed of Eq. (2.13) is equal to unity when Qf ¼ 0, and this
happens when ̈ξ ¼ Hξ̇. This constraint on the Gauss-Bonnet
coupling can be expressed in terms of the scalar field as

ξ00ϕ̇2 þ ξ0ϕ̈ ¼ Hξ0ϕ̇; ð4:1Þ

where the “prime” indicates differentiation with respect to
the scalar field. By assuming

ξ0ϕ̈ ≪ ξ00ϕ̇2; ð4:2Þ

which is motivated by the scalar field slow-roll conditions,
Eq. (4.1) takes the form

ϕ̇ ≃
Hξ0

ξ00
: ð4:3Þ

Equations (2.11) and (4.3) yield

ξ0

ξ00
≃ −

1

3H2
ðV 0 þ 12ξ0H4Þ: ð4:4Þ

We focus on models that further satisfy the following:

κ
ξ0

ξ00
≪ 1; ð4:5Þ

and in addition,

12ξ̇H3 ¼ 12
ξ02H4

ξ00
≪ V; ð4:6Þ

which is strongly related to the constraint (4.5).
Equations (4.3) and (4.6), yield

H2 ≃
κ2V
3

; ð4:7Þ

Ḣ ≃ −
1

2
κ2ϕ̇2; ð4:8Þ

ϕ̇ ≃
Hξ0

ξ00
: ð4:9Þ

Also Eqs. (4.6) and (4.7) yield

FIG. 6. The adiabaticity constraint ċA
cAH

(left plot) and the gravitational wave speed (right plot) as functions of the e-foldings number for
the model (3.35), taking into account the Planck data compatibility of the model.
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4κ4ξ02V
3ξ00

≪ 1: ð4:10Þ

Thus the scalar field potential and the Gauss-Bonnet
coupling are not free to choose in this context, but these
satisfy

V 0

V2
þ 4κ4

3
ξ0 ≃ 0: ð4:11Þ

So the slow-roll indices in this class of models take the form

ϵ1 ≃
κ2

2

�
ξ0

ξ00

�
2

; ð4:12Þ

ϵ2 ≃ 1 − ϵ1 −
ξ0ξ000

ξ002
; ð4:13Þ

ϵ3 ¼ 0; ð4:14Þ

ϵ4 ≃
ξ0

2ξ00
E0

E
; ð4:15Þ

ϵ5 ≃ −
ϵ1
λ
; ð4:16Þ

ϵ6 ≃ ϵ5ð1 − ϵ1Þ; ð4:17Þ

where E ¼ EðϕÞ and λ ¼ λðϕÞ is

EðϕÞ ¼ 1

κ2

�
1þ 72

ϵ21
λ2

�
; λðϕÞ ¼ 3

4ξ00κ2V
: ð4:18Þ

Hence the observational indices of inflation in this scenario
are

nS ¼ 1 − 4ϵ1 − 2ϵ2 − 2ϵ4; ð4:19Þ

regarding the scalar spectral index, while the tensor spectral
index and the tensor-to-scalar ratio acquire very simple
forms,

nT ≃ −2ϵ1
�
1 −

1

λ
þ ϵ1

λ

�
; ð4:20Þ

r ≃ 16ϵ1: ð4:21Þ

Also the e-foldings number takes the form

N ¼
Z

tf

ti

Hdt ¼
Z

ϕf

ϕi

H

ϕ̇
dϕ ¼

Z
ϕf

ϕi

ξ00

ξ0
dϕ: ð4:22Þ

The phenomenology of such framework was thoroughly
analyzed in Refs. [72–74], so let us consider a viable model
that is both ACT and Planck compatible, also considering
the adiabaticity constraints.

Let us consider the model with scalar Gauss-Bonnet
coupling function,

ξðϕÞ ¼ βðκϕÞν; ð4:23Þ

where β is some dimensionless constant and κ ¼ 1=Mp.
Combining Eqs. (4.23) and (4.11) we obtain

VðϕÞ ¼ 3

4βκνþ4ϕν þ 3γκ4
; ð4:24Þ

where γ is some dimensionless integration constant. Then
we get

ϵ1 ≃
κ2ϕ2

2ðν − 1Þ2 ; ð4:25Þ

ϵ2 ≃ −
κ2ϕ2 − 2νþ 2

2ðν − 1Þ2 ; ð4:26Þ

ϵ3 ¼ 0; ð4:27Þ

ϵ4 ≃
ϕðκð2ν − 4ÞαðϕÞζðϕÞ − 8βνζðϕÞκνþ5ϕνÞ

2κðν − 1ÞϕαðϕÞðζðϕÞ þ 1Þ ; ð4:28Þ

ϵ5 ≃ −
2βκ4νðκϕÞν
ðν − 1ÞαðϕÞ ; ð4:29Þ

ϵ6 ≃ −
βκ4νðκϕÞνð−κ2ϕ2 þ 2ν2 − 4νþ 2Þ

ðν − 1Þ3αðϕÞ : ð4:30Þ

So upon solving ϵ1 ≃Oð1Þ we get ϕf ≃
ffiffi
2

p ðν−1Þ
κ , and by

solving Eq. (4.22) with respect to the variable ϕi we obtain

ϕi ¼
ffiffi
2

p ðν−1Þe− N
ν−1

κ . Hence the scalar spectral index takes the
form

nS ≃ −1þ 2ðν − 2Þ
ν − 1

− 2e−
2N
ν−1 þ ðν − 1Þ2ν−3ν2

×
9β22νþ6ðβ2ν

2
þ3ðν − 1Þνþ1 þ 3γðν − 2Þe νN

ν−1Þ
ðβ2ν

2
þ2ðν − 1Þν þ 3γe

νN
ν−1Þ3 ;

ð4:31Þ

and also the tensor-to-scalar ratio becomes

r ≃ 16 e−
2N
ν−1: ð4:32Þ

In addition, the tensor-spectral index takes the form
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nT ≃
12γe

ðν−4ÞN
ν−1

β2
ν
2
þ2ðν − 1Þν þ 3γe

νN
ν−1

−
β2

ν
2
þ3ðν − 1Þν−1e− 4N

ν−1ð−3νþ ðν − 1Þνe 4N
ν−1 þ 2Þ

β2
ν
2
þ2ðν − 1Þν þ 3γe

νN
ν−1

:

ð4:33Þ

A viable set of parameter values that yields compati-
bility with the ACT data is (ðβ; γ; νÞ ¼ ð2.89912 × 106;
10.6 × 108; 19.98Þ for N ¼ 60, for which nS ¼ 0.973503,
nT ¼ 0.0442981, r ¼ 0.0287288 and all these observables
are compatible with the ACT constraints and the updated
Planck tensor-to-scalar ratio constraints. For these values,
the amplitude of the scalar perturbations is PζðkÞ ¼ 2.19 ×
10−9 which is of course by construction compatible with
the Planck 2018 constraints [88]. Regarding the Planck data
constraints, by choosing ðν; γ; βÞ ¼ ð20; 5768;−13.191Þ,
we get nS ¼ 0.966 and r ¼ 0.0289206 and Pζðk�Þ ¼
2.19673 × 10−9. Also the adiabaticity constraint is satisfied
for the largest part of the inflationary era, but it is strongly
violated in the last few e-foldings. Indeed, some character-
istic values are ċA

cAH
jϕf

¼ −3.72897 × 10−16 at the end of

inflation, ċA
cAH

jϕi
¼ −0.000676488 at the beginning of

inflation, and ċA
cAH

¼ −19.0845 for N ¼ 3.1. Hence we
need a closer look on the behavior of the adiabaticity
condition ċA

cAH
, so in Fig. 7 we present the behavior of the

constraint ċA
cAH

as a function of the e-foldings number in
both left and right upper plots. The right plot is a close up of
the left plot, for small e-foldings number. As it can be seen,
the theory violates the adiabaticity constraints in the last
few e-foldings. In the bottom plot of Fig. 7 we present the
behavior of the gravitational wave speed as a function of
the e-foldings, including the upper and lower limits of the
GW170817 constraints. As it can be seen, the gravitational
wave constraints are well respected.
Since the theory becomes nonadiabatic, interesting

phenomena are expected, so let us first analyze possible
reasons why this unexpected nonadiabaticity occurs for this
theoretical framework. Using the analytic form of the sound
wave speed cA for EGB in Eq. (2.17), we end up with the
expression

ċA
cAH

∼O
�
κ2ð̈ξH þ ξ̇ḢÞ

H2ϵ1

�
: ð4:34Þ

Using the definition of the first slow-roll index,

FIG. 7. The adiabaticity constraint ċA
cAH

for the whole duration of inflation (upper left plot), and for the e-foldings range N ¼
½3.17383; 3.17385� (upper right plot), and the gravitational wave speed (bottom plot) as functions of the e-foldings number for the model
(4.23), taking into account the Planck data compatibility of the model.
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ϵ1 ¼ −
Ḣ
H2

; ð4:35Þ

the above expression (4.34) can be rewritten as

ċA
cAH

∼O
�
κ2Hξ̇

ϵ1

� ̈ξ
Hξ̇

− ϵ1

��
: ð4:36Þ

Therefore giving a rough estimate, the condition for
adiabaticity of the scalar perturbations in EGB is

���� ̈ξ
ξ̇H

κ2ξ̇H
ϵ1

���� ≪ 1: ð4:37Þ

Notice that ξ̇H enters in the field equation and thus the
condition jκ2ξ̇Hj ≪ 1 is an effective field theory require-
ment. Before proceeding, let us here reveal an important
feature regarding the adiabaticity criteria. The requirement

j ̈ξ
ξ̇H

j ≪ 1, contributes to the adiabaticity criterion (4.37),

and can be written as

̈ξ
ξ̇H

¼ ξ00ϕ̇
ξ0H

þ ϕ̈

Hϕ̇
; ð4:38Þ

where the prime denotes here differentiation with respect to
the scalar field. In view of Eq. (4.38), the adiabaticity
requirement reads

���� ξ00ϕ̇ξ0H
þ ϕ̈

Hϕ̇

���� ≪ 1: ð4:39Þ

Therefore, in order to have adiabatic perturbations, one
must have simultaneously

κ2
ξ00

ξ0
≪ 1;

ϕ̇

H
≪ 1;

ϕ̈

Hϕ̇
≪ 1: ð4:40Þ

The condition ϕ̇
H ≪ 1 can be automatically satisfied if ϕ̇ ¼

γH−m with m > 0, and such tracking conditions have been
used in the literature [152] and it produces analytic
solutions for inflation in single scalar field theory. A simple
extension of the tracking condition in the context of EGB
can therefore produce automatically adiabatic perturba-

tions, if κ2 ξ00
ξ0 ≪ 1 and ϕ̈

Hϕ̇
≪ 1, with the later being simply a

slow-roll condition on the scalar field.
Now in the present context we have ̈ξ ∼Hξ̇ by con-

struction, so the adiabaticity condition in Eq. (4.40) might

be violated due to this and the relative fraction ∼ ξ̇H
ϵ1
. This is

probably the source of the nonadiabaticity of this frame-
work, but note that the conditions (4.40) are not sufficient
to determine the adiabaticity of the theory. Only the
numerical study appearing in Fig. 7 provides enough
and solid details on the problem of adiabaticity.

Now, since the theory becomes nonadiabatic at the end
of inflation, interesting phenomena may occur at the end of
inflation. The adiabaticity conditions are violated at the end
of the inflationary regime and in fact in the very last few
e-foldings, so at the end of the inflationary regime, the
Bogoliubov coefficient βk in Eq. (2.56) will increase,
leading to particle production at the end of the inflationary
regime. The energy density of these particles will be

ρpp ¼ 1

2π2a4

Z
dkk3ωkðtÞjβkj2; ð4:41Þ

so by considering only the subhorizon modes that nearly
exit the horizon at the end of inflation, we have ωk ∼ cAk,
and since cA ∼ 1 for all the models we analyzed, the final
energy density of the produced particles is

ρpp ¼ 1

2π2a4

Z
dkk4jβkj2: ð4:42Þ

These particles redshift as radiation, hence this particle
production at the end of the inflationary era is a mechanism
for preheating which will facilitate the reheating era.
Hence, this class of EGB inflationary models may lead
to particle production at the end of inflation which acts as a
gravitational reheating mechanism. Note that for the non-
adiabatic modes, the CMB is not affected, since the
nonadiabatic modes exit the Hubble horizon at the end
of inflation, nearly at N ≃ 3. However, we may have some
secondary gravitational wave effects, which we aim to
further examine in a future work.
Let us reveal another interesting feature of this class of

models, suppose that in the context of this section’s
scenario, the inflationary regime commenced from a
Bunch-Davies vacuum and the “out” state is given by
Eq. (2.53). The power spectrum in this scenario is

PðkÞ ¼ k3

2π2
1

z2
jukj2 ¼

k3

2π2
1

z2
1

2k
ðjakj2 þ jβkj2

þ akβ�ke
−2ikη þ a�kβke

2ikηÞ; ð4:43Þ

which can be written as

PðkÞ ¼ k3

2π2
1

z2
1

2k
ð2Reðakβ�ke−2ikηÞ þ jakj2 þ jβkj2Þ;

ð4:44Þ

or equivalently,

PðkÞ¼ k3

2π2
1

z2
1

2k
ð2jakjjβkjcosð2kηþϕkÞþ jakj2þjβkj2Þ;

ð4:45Þ
where ϕk ¼ argðakÞ − argðβkÞ. The Bogoliubov coeffi-
cients ak and βk satisfy,

ADIABATIC PERTURBATIONS IN GW170817-COMPATIBLE … PHYS. REV. D 114, 084026 (2026)

084026-15



jakj2 − jβkj2 ¼ 1; ð4:46Þ

so the power spectrum becomes

PðkÞ¼P0ðkÞ
�
1þ2jβkj2þ2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þjβkj2

q
jβkjcosð2kηþϕkÞ

�
;

ð4:47Þ
where we used the unperturbed power spectrum of the
Bunch-Davies vacuum P0ðkÞ ¼ k3

2π2
1
z2

1
2k. Hence the power

spectrum of the scalar perturbations in this case is rendered
an oscillating spectrum, which is also known to appear in
the literature for exotic inflationary scenarios, see for
example Refs. [153–181]. This is a new feature for the
EGB inflationary theories, but note that this oscillating
feature is acquired by the power spectrum only at the last
few e-foldings, so it surely does not affect the CMBmodes,
and is surely distinct from the scenarios [153–181], because
in these references the oscillating feature occurs for the
whole inflationary era and not for a few e-foldings in the
end of inflation. Now it would be interesting to check for
secondary gravitational wave effects at the end of inflation,
due to this oscillating behavior, and we aim to investigate
this feature in a future work.

V. CONCLUSIONS

In this work we considered the adiabaticity of the
cosmological scalar and tensor perturbations of EGB
theories of gravity. We discussed the quantitative effects
of the adiabaticity conditions and how these affect the
quantities entering in the EGB Lagrangian. We considered
two classes of inflationary EGB theories of gravity which
are compatible with the current CMB experiments and are

also compatible with the GW170817 event. In the first
class, the resulting cosmological perturbations are adiabatic
during inflation, save the few last e-foldings, and this
results in particle creation at the end of inflation and also
the power spectrum is affected acquiring sinusoidal terms.
Also this adiabaticity violation at the end of inflation
generates particle creation and thus the preheating is
facilitated in this model. The other class of EGB theories
has adiabatic perturbations during the inflationary regime.
An interesting observation regarding the adiabaticity cri-
terion of EGB theories is that the adiabaticity of an EGB
theory can occur solely if ϕ̇ ¼ fðHÞ. Such tracking
conditions have been analyzed in the literature [152], so
it would be intriguing to work such a scenario in some
detail. We aim to address this topic in a future work.
In retrospect, from the two viable EGB theories we

presented, the unconstrained EGB theories are more stable
and free from adiabaticity pathologies. For these theories,
the dark energy perspective would be quite interesting to
address, since in the present context, in the unconstrained
EGB theories, the scalar Gauss-Bonnet coupling function
ξðϕÞ satisfies ξðϕÞ ¼ − λ

VðϕÞ. Thus inflation in the this

context starts when κ2V ≫ 1 and when ξðϕÞ ≪ 1, thus
as inflation ends, the Gauss-Bonnet coupling increases,
hence the dark energy era will be affected by the increasing
Gauss-Bonnet coupling function ξðϕÞ. We aim to work
along this research line in the near future.
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