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ARTICLE INFO ABSTRACT

Editor: Hong-Jian He In this work we aim to revive the interest for non-minimal derivative coupling theories of gravity,
in light of the GW170817 event. These theories include a string motivated non-minimal kinetic
term for the scalar field of the form ~ &(¢)G*"9,¢0,¢ and predict that the primordial tensor
perturbations have a speed that it is distinct from the speed of light. Due to the fact that the
Universe is classical during and in the post-inflationary epoch, there is no fundamental reason
for the graviton to change its mass, the GW170817 event severely constrained these theories. We
analyze and formalize the inflationary phenomenology of these theories, using both the latest
Planck data and the GW170817 event data to constrain these theories. Due to the fact that there
is no constraint in the choice of the scalar potential and the non-minimal coupling function,
we provide several classes of viable models, using convenient forms of the minimal coupling
function in terms of the scalar potential, aiming for analyticity, and we discuss the advantages
and disadvantages of each viable model.

1. Introduction

Modern cosmology is rendered a precision science, due to the astonishing amounts of observational data available nowadays.
Thus, theoretical models of the Universe are currently being severely scrutinized, and the years to follow are promising regard-
ing cosmological theories. The year that utterly changed the theoretical perception in theoretical cosmology was 2017 with the
remarkable GW170817 event from the LIGO-Virgo collaboration [1-4], which was astonishing due to a fact that apart from the
gravitational wave detected by the merging neutron stars, a kilonova was also detected. This event changed our theoretical percep-
tion of our Universe, since massive gravity theories of inflation were excluded or severely constrained [5-8]. The GW170817 event
started the chorus of groundbreaking observations, continued in 2023 with the NANOGrav detection of a stochastic gravitational
wave background [9]. These collaborations, in conjunction with the future observations that are highly anticipated, coming from
gravitational wave experiments like LISA [10,11], BBO [12,13] and DECIGO [14,15], are expected to further enlarge our knowledge
about astrophysical and cosmological theories. Regarding the GW170817 event, as we mentioned, it severely constrained theories
that predict gravitational waves with speed smaller than that of light. This is a late-time event though, thus one might claim that
the gravitational wave speed at early times could be different from that of light. However, the primordial gravitational waves, are
basically classical tensor perturbations of a classical spacetime, describing a classical post-Planck Universe. Indeed, when the infla-
tionary era is believed to have started, the Universe was four dimensional and free from severe quantum effects. The quantum effects
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may have their imprints on the inflationary Lagrangian, however, no direct quantum effect is expected when the inflationary era
started, and beyond that. Thus, from a particle physics viewpoint, there is no fundamental inherent mechanism that can effectively
change the graviton mass during and in the post-inflationary era. Thus the primordial gravitational waves should also be constrained
in the same manner as ordinary late-time gravitational waves from the GW170817 event. Motivated by this aspect of research, in
this work we shall thoroughly study a class of theories which was affected by the GW170817 event, the non-minimal derivative
theories of gravity which include non-minimal kinetic coupling terms of the form ~ (PG 0,¢0, . These theories constitute an
important subclass of Horndeski theories [16-29], and were thoroughly studied in the pre-GW170817 epoch [30-48], see also [49]
where the same non-minimal derivative coupling term is suitably chosen in order to have constant gravitational wave speed and
equal to the light speed and also to solve the H-tension, and also Ref. [50] in which case the non-minimal derivative coupling is
used for inflation but in a way that it becomes negligible after inflation exit, and thus passing GW170817 constraints easily. In this
work we aim to revive these theories, by also including the constraints from the GW170817 event in their inflationary phenomeno-
logical analysis. A similar approach was performed in Refs. [51-53] for Horndeski theories. Non-minimal derivative theories are
basically string inspired theories, which take into account imprints of a more fundamental theory on the inflationary Lagrangian, and
serve as an important path of the classical theory towards to the more fundamental quantum theory. Getting to the details of model
building of the non-minimal derivative kinetic coupling theories, the scalar field potential and the kinetic coupling scalar function
are unconstrained from a theoretical point of view, so in principle any choice for these functions can be examined regarding the
phenomenological viability of the theory. In this work we aim to thoroughly formalize these theories and study their inflationary
phenomenology in a concrete and self-consistent way. We present various classes of solutions and choices for the non-minimal kinetic
coupling function £(¢) and we examine the inflationary phenomenology of the theory, confronting the models with the latest Planck
data, and also discussing the attributes and drawbacks of each model.

This paper is organized as follows: In section 2 we present the formalism of non-minimal derivative kinetic coupling theories, we
extract analytic forms for the gravitational wave speed of tensor perturbations, the slow-roll indices, the observational indices and
the amplitude of the scalar perturbations and we also provide all the necessary theoretical tools and constraints that we will enable
us to extract a viable phenomenology from these theories. In section 3 we study several classes of viable theoretical models and we
discuss the advantages and disadvantages of each model. Finally, the conclusions follow at the end of the article.

2. Non-minimal derivative coupling theories theoretical framework and compatibility with GW170817 constraints

In principle, the non-minimal derivative coupling theories constitute a string-corrected scalar theory, with leading order correc-
tions in the Regge slope, without including Einstein-Gauss-Bonnet terms and higher derivatives of the scalar field too [30,54]. The
gravitational action reads,

s= / a8 (5 — 38" 0,00,6 = V(@) = cEBG"0,80,9). M

with R denoting as usual the Ricci scalar, g stands for the determinant of the metric tensor, k¥ = MLP where Mp is the reduced
Planck mass, V(¢) is the scalar field potential, and &(¢) is the non-minimal derivative coupling function of the kinetic coupling
term ~ ¢ §(¢)G*V0,,¢0, ¢, where G** denotes the Einstein tensor G#V = RHY — % gM'R, and c is an arbitrary parameter with mass
dimensions [M]72.

With regard to the background metric, we shall consider a flat Friedman-Lemaitre-Robertson-Walker (FLRW) background with
line element,

ds* =—dt* + a*5,;dx'dx’ , 2

with a(?) denoting the scale factor of the Universe. In this type of theories, the propagation speed of the tensor perturbations, or
equivalently the speed of the primordial gravitational waves, has the following form [30],

22 ®
T th

with the term Q , being equal to,
0, =4etd?, “

where the “dot” denotes differentiation with respect to the cosmic time hereafter. Moreover, Q, in Eq. (4) stands for Q, = K—lz + cEPP.
Thus the primordial gravitational wave speed takes the form,

21— 2cK2EP?
T 1 4 cx2&¢?
Thus in order to comply with the striking GW170817 event which rules out massive graviton theories, it is vital that the following
constraint is satisfied at first horizon crossing during inflation, but also for all the subsequent eras,

(5

K2c§q§2 <1, 6)



V.K. Oikonomou Nuclear Physics, Section B 1000 (2024) 116467

and specifically the term x?c£@? must be sufficiently smaller than unity in order for the GW170817 experimental constraint to be
satisfied, which is,

‘c%—1‘<6x10’15, )

in natural units. Regarding the constraint (6), as we mentioned, it has to be satisfied for all the post-first horizon crossing eras, and
this is a necessity since there is no fundamental particle physics reason for the graviton to change its mass in the inflationary and
post inflationary era, because the inflationary era and all the subsequent eras, are basically classical eras of our Universe, hence no
big change in the propagating mass of the particles is expected. The gravitational field equations can be obtained by varying the
gravitational action (1), with respect to the metric tensor and with respect to the scalar field, so we get the Friedmann equation,

2
MLl _ocengr, ®)
K 2
the Raychaudhuri equation,
2 8HAE - HE + e (26(H - 3H) + 4HEGG + 2HER) ©)
K

and the scalar field generalized Klein-Gordon equation,

G+3H+V' +6c(H*EH +264) +2HQH +3H*)Ed) =0. (10)

The field equations are coupled differential equations with quite involved form, and it is understandable that an analytic solu-
tion is not easy to be obtained. However, several simplifications may be applied during the inflationary era, such as the slow-roll
approximation for the scalar field and the inflationary conditions for the Hubble rate, and specifically the following approximations,

H < H? %q52<<V b<H. an

Also we must take into account the condition of Eq. (6), which is a imposed inherent necessity for the viability and compatibility
of the theory with the GW170817 event, thus we must also take into account that k2c é¢? < 1. This term, namely 9¢c £ H2¢? enters
the Friedmann equation and thus it is not dominant at leading order, and also ¢* must also be subdominant, hence only the scalar
potential survives, therefore the Friedmann equation becomes,

H? 1(2_V

> (12)

In the end, the approximations we made, must be checked explicitly, namely,

cEPP <V, PPV, 13)

however these two are not additional constraints in the theory, imposed by hand, but these stem from the natural requirements
that the gravitational wave speed is equal to that of light and also that the slow-roll approximation holds for the scalar field. For
consistency though, we will validate these constraints for any viable model we shall present. Accordingly, by using the slow-roll and
inflationary constraints, the Raychaudhuri equations read,

2 42
—H= % —3ek2EH2G, 14
or equivalently,
2 i2
=" (1 -6cen?). (15)

Accordingly, by using the slow-roll and inflationary constraints (11), the modified Klein-Gordon equation reads,

V' +3Hd+36cEGH? ~0, (16)
which can be rewritten,
. 14
= a7

3H (1+12c£H?)

From the final form of the Raychaudhuri equation (15) and of the modified Klein-Gordon equation (17), it is obvious that the term
~ ¢ EH? enters both equations and if this dominant compared to unity, then both the Raychaudhuri equation and the modified Klein-
Gordon equation can be simplified. We shall make this approximation in the following and also we shall consider the generalized
formulas. So in the following we shall consider two classes of non-minimal derivative couplings models, one that the following

constraint holds true,

cEH?>> 1, 18)

in which case, the Raychaudhuri and the modified Klein-Gordon equations take the form,
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—H =-3cEH**¢?, (19)
. V!
P TE 20

and general models which do not respect the constraint (18) and thus the Raychaudhuri and the Klein-Gordon equations are given
in Egs. (15) and (17) respectively. We shall refer to the models that satisfy the constraint (18) as “constrained models”. Now let
us present the slow-roll indices of inflation, the observational indices of inflation and the relation that yields the e-foldings number
for the non-minimal derivative coupling theories of gravity, for both the constrained models and the unconstrained models. The
slow-roll indices for the non-minimal derivative coupling theories have the general form [30],
€:—£ €:i e;3=0 €=L. SZQa ez&
L) 2T H¢ 3 ‘T 2HE ST 2HQ, " 2HQ,’

(21)

where 0, =4cEH 2, 0, =2¢£¢%, F= — <¢2 +3% s Qc>, 0. = ~6c 6P H?, 0, = ~4cEdP H, O, = 4e ((+ 26— 264 H),

Oy =4c £¢? and recall that Q, = K—IZ + % The observational indices of inflation in terms of the slow-roll indices have the following
form,

2(—2€e; — €, — €
n5=1+—( 16 (22)
1—¢
regarding the spectral index of the scalar primordial curvature perturbations, while the tensor-to-scalar ratio has the form,

_|elaa- i (4 -G ro))] 2

3 (20
cT( > +1)

where c is the sound speed of the scalar perturbations, defined as,

2
9,0, Q4
==+ +
K%+Qb Qf < x%+Qb> Q

o 302
+52 40
¢ Ki2+Qb ¢

cu= +1, (24)

and also ¢y is the speed of tensor perturbations defined in Eq. (5). Also the tensor spectral index is given in terms of the slow-roll
parameters as follows,

+
nT:_ZM. (25)
1—61

Let us now express the e-foldings number in terms of the potential and its derivatives. The definition of the e-foldings number is,

iy ¢y
N=/Hdt=/%d¢, (26)
1 [

where ¢; and ¢, are the scalar field values at the beginning (first horizon crossing) and the end of the inflationary era. The value of
the scalar field at the end of the inflationary era can be obtained by solving |e;| ~ O(1), while by solving Eq. (26) with respect to ¢;
one may obtain the value of the scalar field at first horizon crossing, namely ¢;. By using Egs. (12) and (17) we get,

) b, 2
2V (1 +4ck?VE)
N:/Hdt:/Tddu @7)

for the case of the unconstrained, while in the case of the constrained models which satisfy the constraint (18), the e-foldings number
is given by the following relation,

L e
N=/Hdt=4c;<4 5:// de. (28)

Before closing this section, let us also mention another important constraint which needs to be taken into account in order to provide
a viable phenomenology, related with the amplitude of the scalar perturbations P, (k,), defined as,

k3
Pelk) = 25 Petk.) (29)
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which must be evaluated at first horizon crossing during the inflationary era, denoted as k,, known as the pivot scale k, = 0.05 Mpc~!,
and is highly relevant to the CMB observations. The latest Planck data [55] constrain the amplitude of the scalar perturbations to be
Pe(k,) = 2.196f8:ggl x 10~ when this is evaluated at the CMB pivot scale. The scalar amplitude for the scalar perturbations P (k)
in terms of the two point function for the curvature perturbations ¢ (k) through P, (k) which appears in Eq. (29) is,

(UK = @n)* 6% (k — k') P, (k). (30)
For the non-minimal derivative coupling theories, the amplitude P, (k,) in the slow-roll approximation is [30],

2

k ((—261 — €, —€4)(0.57 +log(lkn|) —2 +1og(2)) — €; + 1)

4-ng
2r) (zc % )
b \/@
2
H(es+1)
[30]. In the following we shall also take this into account in order to generate viable phenomenologies of

Pek)= . (31)

evaluated at first horizon crossing, with z = at first horizon crossing, and in addition the conformal time at first horizon

crossing is n = —# €1+1
—€1

non-minimal derivative coupling theories.

3. Phenomenology of various classes of viable models

In this section we shall thoroughly analyze the inflationary phenomenology of several classes of non-minimal derivative coupling
theories, confronting the models with the Planck constraints. In principle, for the theories at hand, the scalar potential V' (¢) and the
scalar coupling function &(¢p) are free to choose, since these are not fundamentally constrained, as in the case of constrained Einstein-
Gauss-Bonnet gravity developed in Refs. [56-58]. Thus, we shall choose them freely, using convenient forms for their functional
form which may lead to analytical results. We found several classes of models that may provide analytic results, and in many cases
viable phenomenologies. We shall use the Planck units system in which

, 1 1

K =ﬁ=_2=1
T MP

for convenience. Also for each viable model presented, we shall verify explicitly that the slow-roll and any additional constraints that
render the gravitational wave speed equal to that of light are satisfied. We start our analysis with the constrained models that satisfy
the constraint of Eq. (18) and we continue with the unconstrained models.

3.1. Phenomenology of constrained models

Let us begin our analysis by studying the constrained models which must obey the constraint of Eq. (18). For these models, the
Friedmann and Raychaudhuri equations are given in Eqgs. (12) and (19) and the derivative of the scalar field is given by Eq. (20),
while the e-foldings number is given by Eq. (28). Using these, in addition to Egs. (21), (22), (23), (24) and (25), one may obtain study
in detail the inflationary phenomenology of this class of models. As we mentioned earlier, there is no fundamental constraint that
constrains the functional form of the scalar potential and of the scalar coupling function, thus these are free to choose and unrelated.
Thus, we shall choose these in a way so that analytic expressions for the inflationary indices and for the rest of the parameters are
obtained. In order to discover interesting classes of models, we shall quote here the analytic form of the first slow-roll index ¢,
which is,

_ V@
T T Teerie )V (P (32)
hence we quote here convenient choices for the coupling function £(¢) in Planck units:
1
=, 33
&) V) (33)
&)= V(97 (34)
AC)
= ) 35
= )
AV ($)
= , 36
()] V) (36)
AC)
= , 37
=05 37)

From all the choices, the most interesting phenomenologically is the class of models (35). The classes of models (34), (36) and (37)
do not yield viable results for a large number of freely chosen scalar potentials, and the main reason for this behavior is the final form

5
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of the gravitational wave speed, which can never be compatible with the GW170817 constraint of Eq. (7). Indeed for the models of
the class (34), the gravitational wave speed has the form,

5 MBeAV(@)P -1

_ , 38
T BV @y +1 (38)

and as it proves it is always of the order ~ 9(1073) for a large number of scalar potentials. Also regarding the class of models (36)
the gravitational wave speed has the form,

2 _ 48caV(9) —V' (@)

T AV + VI P) (39

and as it proves in this case too, it is always of the order ~ @(10~3) for a large number of scalar potentials. Finally for the class of
models (37) the gravitational wave speed has the form,

2 48ci-V'(¢)

TTRear V) (40)

and as it proves in this case too, it is always of the order ~ (9(10~3) for a large number of scalar potentials. Hence, we shall analyze
only the class of models (33) and (35). Among the two, the most interesting phenomenologically is the class (35) since we found a
large number of scalar potentials that yield a viable phenomenology, so we start our analysis with this class of models. In this case,
the first slow-roll index acquires a quite simplified form and it is equal to,

V@
T T 6V (@) (41)

while the e-foldings number as a function of the final and initial scalar field values reads,

N =4dcid, —4cid;, (42)

and it is independent from the actual form of the potential, due to the choice of the scalar coupling function (34). The gravitational
wave speed in this case has the form,

2 BBeV ()= V()
T 48cAV () +V'(¢)

Among the rest of the slow-roll indices of inflation and the observational indices, only the tensor spectral index has a simple form,
which we quote here due to the importance of the tensor spectral index for the primordial gravitational waves,

(43)

_AV@ 4V @)+ V@) =2V (@
77 16cAV () + V() @8caV () + V' ($)

Now let us consider various scalar potentials and we study their inflationary phenomenology and consistency in detail. We start with
the following potential,

(44)

M
V)= ——, 5)
=3
in which case the scalar coupling function £(¢b) reads,
dA
=4 46
) ==11 (46)
so the first slow-roll index reads in this case,
d
e =————, 47
™ " 6cdag — 16¢A¢2 “7)
and thus by solving the equation |e;(¢ )| = | we obtain the value of the scalar field at the end of inflation ¢, which is,
V4c2d?2 A2 +cdA+2cdA
— , 48
4 4cd (“48)
and from Eq. (42), the value of the scalar field at first horizon crossing is,
2cdA++/cdA(dcdi+ )+ N
¢ = . (49)

! 4ch
Now a viable phenomenology is obtained for N =61 for various values of the free parameters, for example if we choose the free
parameters of the model as follows (c,d, M, A) = (10%53,10721,1.46725 x 10722,1071947) in which case, the spectral index of the
scalar perturbations, the tensor-to-scalar ratio and the tensor spectral index take the values ng =0.967162, r =4.57199 X 10715 and
ny = —5.74661 x 10719, thus the model is viable regarding the observational indices of inflation. Also in Fig. 1 we confront the model

6
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Fig. 1. Marginalized curves of the Planck 2018 data and the model with potential V' (¢) =

of Eq. (45) vs the Planck 2018 data (red curve), for N =[50, 65] and
for (c,d, M, A) = (10%°,1072!,1.46725 x 10722, 1071647),

i T r r T 3
15 g

e 10F E

o

05} g
00} g

20 30 40 50 60

N

- of Eq. (45) for N =[0,60] and for (c,d, M, 4) = (10%%,1021, 1.46725x 10722, 1071647,
x¢

Fig. 2. The gravitation wave speed c.f. for the model with potential V' (¢) =

with the Planck likelihood curves, for N = [50,65] and we can see that the model can be well fitted in the Planck data. Also the
amplitude of the scalar perturbations for the model at hand for (c,d, M, 1) = (10%5,1072!,1.46725 x 10722,1071647) is P,(k,) =
2.196 x 109, and actually, the value of the parameter M crucially affects only the amplitude of the scalar perturbations, since all the
rest of the inflationary indices are independent of M. Now, for (c,d, M, A) = (1025'5, 10721, 1.46725 x 10722, 1071647 the values of the
scalar field at the beginning and the end of inflation are (¢;, ¢ ) =(1.42088 X 1078,2.41513 x 10716, which are sub-Planckian values,
thus the model is self-consistent. Also note that the singularity in the potential (45) is avoided because it may occur only for ¢ ~ d, and
the scalar field never reaches the values of d we used, which is d ~ 1072, More importantly, we find that c% —1=1.92608 x 10716
and also the model well satisfies the constraint (18), since we find that for (c,d, M, A) = (10%5,1072!,1.46725 x 10722,10~1647),
cEH? ~ O(10*). Moreover, let us check whether the slow-roll approximations (11) and also the approximations of Eq. (13) hold true.
As we found, for (c,d, M, A) = (10%5,10721,1.46725 x 10722, 1071947) we have ¢ ~ O(107%), c £¢* ~ O(10738) and V ~ O(10722),
hence the model is self-consistent and well fitted within the Planck 2018 data. Let us also study the behavior of the gravitational
wave speed as a function of the e-foldings number. Before that however, we need to note that the gravitational wave speed must
satisfy the GW170817 constraints only at first horizon crossing, since after that and especially near the end of inflation, the slow-roll
conditions are violated so it does not make much sense to use the expressions for the slow-roll indices and the other quantities we
used in the previous section. However, for completeness, in Fig. 2 we present the behavior of the gravitational wave speed c%. As it
can be seen, it is equal to unity, but this should not be taken for granted, since the slow-roll assumptions are violated near the end of
inflation and thus the expressions we used might not be applicable. Let us consider another viable potential at this point, in which
case the potential is,

g\ /10
V(¢)=M<1—$> R (50)

in which case the scalar coupling function &(¢) reads,
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1/100
Fig. 3. Marginalized curves of the Planck 2018 data and the model with potential V' (¢) = M (1 - é) of Eq. (50) vs the Planck 2018 data (yellow curve) for
N =[50,65] and (c,d, M, 1) = (10, —-1072!, 1.48126 x 1024, 1071647),

dA
(@)= o7 (51)
100M ¢? (1 - g)
so the first slow-roll index reads in this case,
¢ = d , (52)
1600c d Agp — 1600c A¢h?
and thus by solving the equation |e;(¢ ;)| = 1 we obtain the value of the scalar field at the end of inflation ¢, which is,
V400c2d2 A2 —cdA+20cd A
— , 53
¢ 40c 4 (53)
and from Eq. (42), the value of the scalar field at first horizon crossing is,
20cdA+\/cdA(400cdA—1)+ 10N
¢ = . (54)

i 40cA

Now a viable phenomenology is obtained for N = 61 for various values of the free parameters, for example if we choose the free
parameters of the model as follows (c,d, M, A) = (10255, —1072!,1.48126 x 1024, 1071947), in which case, the spectral index of the
scalar perturbations, the tensor-to-scalar ratio and the tensor spectral index take the values ng = 0.967466, r = 4.57199 x 10~!7 and
ny = —5.74661 x 1078, thus the model is viable regarding the observational indices of inflation. Also in Fig. 3 we confront the
model with the Planck likelihood curves, for N = [50,65] and we can see that the model can be well fitted in the Planck data.
Also the amplitude of the scalar perturbations for the model at hand for (c,d, M, 1) = (1023, —1072!,1.48126 x 10724, 10716047) s
Pe(k,) =2.196 x 109, and actually, the value of the parameter M crucially affects only the amplitude of the scalar perturbations,
since all the rest of the inflationary indices are independent of M. Now, for (c,d, M, A) = (102, -1072!,1.48126 x 10724, —10~1647)
the values of the scalar field at the beginning and the end of inflation are (¢, ) = (1.42088 x 1078,2.41508 x 10~'7), which are
sub-Planckian values, hence the model is self-consistent. Also note that the singularity in the potential (50) is avoided because d <0
in this case. Also, we find that c% —1=1.92608 x 10~!8 and in addition the model well satisfies the constraint (18), since we find
that for (c¢,d, M, ) = (102, -1072!,1.48126 x 10724,1071047), ¢ £H? ~ (©(10%). Furthermore, let us check whether the slow-roll
approximations (11) and in addition the approximations of Eq. (13) hold true for this potential. As we found, for (c,d, M, 1) =
(10255, -10721,1.48126 x 10724, 1071647) we have ¢? ~ O(107*2), c E¢? ~ O(10~**) and V ~ O(10~2*), therefore the model at hand
is self-consistent.
Another viable potential is the following,

d 2
V(¢)=M<1——> , (55)
¢
in which case the scalar coupling function £(¢) reads,
2d A
)= ——, 56)
2(1— i)
Mg (1-3
so in this case the first slow-roll index reads,
d

€ (57)

" Bedip—8cip?

and thus in this case by solving the equation |e;(¢ l=1we obtain ¢ 5 which is,
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2 0.15 —— Potential (55) o
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5 -
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T Rl =
H [¢]
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Scalar spectral index n;

2
Fig. 4. Marginalized curves of the Planck 2018 data and the model with potential V(¢) = M (1 - %) of Eq. (55) vs the Planck 2018 data (green curve) for

N =[50,65] and (c,d, M, 1) = (10255, -10~2!,1.48126 x 10-24,10-1647),

V2V2e2d2 02 —cda+2¢dA

¢s 4ci 58)
and from Eq. (42), ¢, is,
2edi+\2\/cdiQedi—1)+ N
¢ = . (59)

! ded
Now a viable phenomenology can be obtained for N = 61 for various values of the free parameters in this case too, for example

if we choose the free parameters of the model as follows (c,d, M, A) = (1053, —IL 2.93436 x 10722),10~1725 in which case, the

21 °
spectral index of the scalar perturbations, the tensor-to-scalar ratio and the tensgr spectral index take the values ng = 0.967494,
r=1.51752x 10715 and n; = —=1.9074 x 10~19, thus the model is viable regarding the observational indices of inflation. Also in this
case, the model is viable for d < 0 so the singularity in the potential is avoided. Also in Fig. 4 we confront the model with the
Planck likelihood curves, for N = [50,65] and we can see that the model can be well fitted in the Planck data. Also the amplitude
of the scalar perturbations for the model at hand for (¢,d, M, A) = (10?5, — 10%,2.93436 x10722),107175 is P, (k,) =2.196 X 1072,
and actually, the value of the parameter M crucially affects only the amplitude of the scalar perturbations, since all the rest of

the inflationary indices are independent of M. Now, for (c,d, M, 1) = (1025‘5,—10%,2.93436 x 10722),10717-25 the values of the
scalar field at the beginning and the end of inflation are (¢;,¢,) = (8.56165 X 1078,8.38407 x 10716), which are sub-Planckian

values, thus the model is self-consistent. More importantly, we find that c% —1=6.39299 x 10~!7 and also the model well satisfies
the constraint (18), since we find that for (c,d, M, 1) = (102, —10%,2.93436 x 10722),1071725 | ¢ £H? ~ O(10?). Moreover, let us
check whether the slow-roll approximations (11) and also the approximations of Eq. (13) hold true. As we found, for (c,d, M, 1) =
(1025'5,—10%,2.93436 x 10722),1071725 we have ¢? ~ O(10749), ¢ £¢? ~ O(10738) and V ~ O(10722), therefore the model is self-
consistent and well fitted within the Planck 2018 data.

Let us quote at this point, several other potentials we found that these are viable, without giving many details for brevity. For

example, a similar phenomenology with the above potentials is obtained by the potential,

100

V(¢)=M<1—£> . (60)
¢

A rather disturbing feature for this class of models is that the gravitational wave speed is larger than the speed of light, at an

acceptable level, but still, it is a mentionable and disturbing feature. Another viable potential of this sort with the scalar coupling

function related to the potential as in Eq. (35) is the following,

Vig)y=M¢", (61)

which however predicts a short inflationary era for viability. For example for N =30 e-foldings, and for the free parameters chosen
as (¢, M, A,n) = (10%0, —10%, 2.93436x10722,10'6,1071), one gets ng =0.967638, r = 1.28053x 1076 and ¢Z — 1 = —5.39374x 10718,
thus in this case the gravitational wave speed is smaller than the speed of light, and almost equal to unity. Short viable inflationary
eras can be obtained by another class of models, that of Eq. (33). We examined the potential V' (¢) = V,;¢" and we found viability of

the model for N =30, for various values of the free parameters, but we omit the details for brevity.
3.2. Phenomenology of unconstrained models

Now let us consider the unconstrained models which as it proves have less ability to provide viable phenomenologies for a normal
duration of the inflationary era. In this case, the first slow-roll index takes the form,

9
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3V (p)? 3cE(P)V ($)?

€= 5 - 5 (62)
W) (4V3eE@V @ VIVT@)) (V3 @V @2+ V3V @)
and the expression entering the e-foldings number has the form,
V(p)dcl(@V () +1)
s 63
V'(¢) ©3)

so the functional forms of the kinetic coupling function £(¢) used in the previous section, greatly simplify the above. We shall present
one viable model which we found for brevity, using the functional form of £(¢p) presented in Eq. (33). We consider the following
potential at this point,

V(p)=pup™, (64)
and by choosing &(¢) as in Eq. (33) the scalar coupling function &(¢) reads,

&)= A1¢", (65)
so the first slow-roll index reads in this case,
2(1-2
o = z2e40) 66)
2(4cAud + )

and therefore by solving the equation |e;(¢ ;)| = 1 we get the value of the scalar field at the end of inflationary era ¢, which is,

\V/n2 —=2cAun?

Q= , (67)
\/5\/160212/42 +8cAu+1
and by using Eq. (42), the value of the scalar field at first horizon crossing is in this case,
—2cAun —4(4cAuN + N)+n
¢i = \/ . (68)

(deAu+1)?
V2, Gedutl

Now a viable phenomenology is obtained in this case for a short inflationary era with N = 30 for various values of the free parameters,
for example if we choose the free parameters of the model at hand as follows (c,n, 4, A) = (1030, 10715,2.11 x 10725,0.1), the spectral
index of the scalar perturbations, the tensor-to-scalar ratio and the tensor spectral index take the values ng = 0.966667, r = 6.59284 x
10718 and ny = —8.28735 x 1072, hence the model is viable regarding the observational indices of inflation. Also the amplitude of
the scalar perturbations for the model at hand for (c, n, u, A) = (10%0,10713,2.11 x 10=23,0.1) is Pe(k,) =2.19063 x 1077, and actually,
the value of the parameter y crucially affects only the amplitude of the scalar perturbations. Now, for (c,n, u, 2) = (10%9,10713,2.11 x
107%5,0.1) the values of the scalar field at the beginning and the end of inflation are (¢, ) = (2.73863 x 10719,1.76781 x 1071),
which are in this case too sub-Planckian values, thus the model is self-consistent. More importantly, we find that c% —1=2.77781 x
1071°, in which case we have the disturbing feature of having a gravitational wave speed to be larger than the speed of light, even
for a slight extent. Finally, let us check whether the slow-roll approximations (11) and also the approximations of Eq. (13) hold true.
As we found, for (c,n, u, 4) = (10%0,10713,2.11 x 1072%,0.1) we have ¢? ~ O(107*3), ¢ £d? ~ O(10~*) and V ~ @(1072%), hence the
model is self-consistent and also well fitted within the Planck 2018 data.

For completeness, let us mention that many models &(¢p) = V'@ yield an interesting phenomenology, however all the models

Vo)
have a large tensor-to-scalar ratio, so we will not present these here.

4. Conclusions

In this article we thoroughly studied the inflationary phenomenology of non-minima derivative coupling theories in light of the
GW170817 constraints on the speed of gravitational waves. Since spacetime is classical during and after the inflationary era, there is
no fundamental reason for the graviton to change its mass, thus the GW170817 constraints even the primordial tensor perturbations,
so in this work we formalized the inflationary phenomenology of non-minimal derivative coupling theories, taking also into account
the constraints of the GW170817 event. By using the slow-roll assumptions solely, we provided analytic relations for the slow-roll
indices and the observational indices of inflation, including the amplitude of scalar perturbations, which are severely constrained
by the latest Planck data. We introduced several classes of models, using several convenient relations between the scalar potential
V (¢) and the scalar coupling function £(¢b), and we presented in detail their phenomenology. We found several viable models, with
interesting features, that are compatible with both the Planck data and the GW170817 event. Some of the viable models predict a
tiny deviation of the order ~ @(10~'7 — 10~1%) from the speed of light, and actually the propagation speed is slightly larger from that
of light, so these models are slightly ghost theories to a very tiny extent. Also some viable models predict a short inflationary period.
We presented only some of the possible models that can be used, and as we demonstrated, these theories can be considered as viable
candidate theories of inflation, because they also have a theoretical attribute of containing quantum imprints in the inflationary
Lagrangian. What we did not seek in this work is whether models exist that may lead to a significantly blue-tilted tensor spectral
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index, which may have implications for future gravitational wave observations. This task will be the focus of a future work. Also
another interesting point is whether the models we presented with a specific scalar Gauss-Bonnet coupling &(¢) are valid only for the
inflationary era, or these may be used for other evolutionary eras of our Universe, up to late times. The answer is that these models
are valid only for the slow-roll era during the inflationary era, since for reheating and subsequent eras, the Hubble rate is different,
so given the potential, the scalar Gauss-Bonnet coupling function £(¢) might be required to be approximated by a distinct function,
see the discussion in Ref. [59].
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