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Abstract

In this work, we study inflation in a particular scalar-vector-tensor theory of gravitation without the
U(1) gauge symmetry. The model is constructed from the more general action introduced in Heisenberg
et al. (Phys Rev D 98:024038, 2018) using certain specific choices for the Lagrangians and the coupling
functions. Also, for this model we build the explicit form for the action, and from it, we derive the
general equations: the energy-momentum tensor and the equations of motion, and using the flat FLRW
background, we have analyzed if it’s possible to obtain an inflationary regime with it. Additionally, using
particular choices for the potential, the coupling functions, suitable dimensionless coupling constants and
initial conditions, it was possible verify numerically that this model of inflation is viable. In this sense,
we could verify that the introduction of the coupling function f(¢) in our model of inflation, allows us to
reach a suitable amount of e-foldings N for sufficient inflation. This is a remarkable result, since without
the coupling function contribution, the amount of e-foldings is smaller at the end of inflation, as has been
demonstrated in Heisenberg et al. (2018). Also, the no-ghosts and stability conditions that the model
during inflation must satisfy, i.e., absence of ghosts and Laplacian instabilities of linear cosmological

perturbations were obtained, furthermore these conditions were verified numerically too.
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Introduction

The hypothesis of inflation is currently considered as a part of the standard modern cosmology. This
hypothesis was introduced in the early 1980’s to resolve some problems that the Hot Big Bang model of the
universe can’t explain (e.g., the horizon, the flatness, and the monopole problems, among others) [}, [2, 3], 4].

Moreover, the inflationary paradigm allows us to make predictions about properties of the current universe
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which are in excellent agreement with the cosmological and astrophysical observations (e.g., the temperature
fluctuations in CMB spectrum [5] [0} [27], the existence of large scale structures [8, [@, [10, 1], and the nearly
scale invariant primordial power spectrum [12] [13] [14]).

The origin or source of inflation is still now unknown. However, there are many proposals in the literature
to explain the inflationary regime. For example, models with a scalar field (the so called inflaton field)
minimally coupled to gravity and with a nearly flat potential have been considered [I5] [16]. In general,
the inflaton field it can be considered non-minimally coupled to gravity too (via the Ricci scalar, the Ricci
tensor, the Gauss-Bonnet invariant, etc). In this sense, the resulting models are known as scalar-tensor
theories of gravitation. Others proposals include Einstein—aether, and Bimetric theories, as well as TeVeS,
f(R), general higher-order theories, Horava—Lifschitz gravity, Galileons, Ghost Condensates, and models
of extra dimensions including Kaluza-Klein, Randall-Sundrum and DGP (see e.g. Refs. [17, [I8, [19] for a
review). In addition, in recent years a considerable amount of works have been considered to model the
inflationary scenario using vector fields, e.g. the generalized Proca fields and extensions thereof, or several
Proca fields, as well as bigravity theories and scalar-vector-tensor (SVT) theories (for more details about
these topics see Ref. [20] and references therein). The SVT theories were introduced in Ref. [2I] and them
constitute a consistent ghost-free covariant gravity theories with second order equations of motion with
derivative interactions. These SVT theories have important implications for cosmological and astrophysical
applications [22] 23, 24 28] [26].

In this work we focused in study inflation in a particular SVT theory of gravitation without the U(1) gauge
symmetry. This model is constructed from the more general action presented in Ref. [23] using certain
specific choices for the Lagrangians and the coupling functions. Also, we derive the no-ghosts and stability
conditions that the model during inflation must satisfy, i.e. absence of ghosts and Laplacian instabilities of
linear cosmological perturbations.

This paper it is organized as follows: in section [2] we introduce the scalar-vector-tensor model of inflation,
and for this model we construct the explicit form for the action, from which, we derive the general equations:
the energy-momentum tensor and the equations of motion. In section [3] we write the general equations
obtained in section [2| for a concrete background (the flat FLRW background), and in this way, we verify if
it is possible to obtain an inflationary regime with this model. Also, in this section, using concrete choices
for the potential, the coupling functions, suitable dimensionless coupling constants and initial conditions,
we verify numerically if this model of inflation is viable. In section [d] the no-ghosts and stability conditions
that the model during inflation must satisfy, i.e., absence of ghosts and Laplacian instabilities of linear
cosmological perturbations, are obtained, moreover these conditions are verified numerically too. Finally,

some conclusions are exposed in section



2 The model

In this section, we shall present in brief some basic features of the SVT theories, and also, we derive the
general equations for the model under consideration.
The most general SVT model with broken U(1) gauge symmetry which is ghost-free, with second order

equations of motion and with derivative interactions is given by the action [23]

6
Ssvr = /d4xV_gZ£na (2.1)
n=2

where the Lagrangians Lo, ..., Lg, are given by

£2 = f2(¢7X17X2aX37F7 Yl;}/Z,}/S%
L5 = (6, Xa)g" Sy + Fo(6, X5) AP AV,

Ly = f1(d, X3)R + f1.x,(0, X3)[(V,A*)? — VA, VY A,

(2.2)
Ls = f5(¢, X3)G"'V A, — % Fooxa (6, X3)[(V,AM)? — 3V, APV, A,V AP + 2V, A,V APV A
+ME'VLVLo+ NS,

Lo = fo(¢, X1)LFPE, Fop + ME PV V0V, V36 + f6(d, X3) LM P F,, Fug + NE“*PS,08,5,

This model was originally introduced in [2I] and its cosmological implications were studied in [23]. Moreover,
in [22] the authors using this model with gauge-invariant derivative scalar-vector interactions and a non-
minimal coupling to gravity, to analyze the properties of black holes on a static and spherically symmetric
background. Also, in [24] the cosmology of SVT theories with parity invariance was studied, paying particular
attention to the application to dark energy. Finally, in [25] the gauge-ready formulation of cosmological
perturbations on the flat Friedmann-Lemaitre-Robertson-Walker (FLRW) background was performed (taking
into account a matter perfect fluid).

In concrete, in this work we consider the following special case for the action given by Eq. (2.1)

S = /d4x V —g(ﬁg +£4+£5), (23)
where Lo, £4 and L5 are construct considering the following particular choices for fa, fs, and f5 in Eq. (2.2):

fo=F+ X1 = V(¢) + BnMXs + BaM> X3,

2
fu= 224 o (2.0
f5 = f((vb)a

and X1 = —1V,¢VF¢, Xo = —2A"V ¢, X3 = -1 A, A" F = —1F, F*", (F,, =V,A, —V,A,), V(¢) is
a scalar potential, M is a constant having a dimension of mass, Mp; is the reduced Planck mass, and (,,,
Ba, P are dimensionless coupling constants. f(¢) is an arbitrary coupling function. The other quantities

and coupling functions that appear in Eq. (2.2)) are defined in [23], but in our case they are taken to be 0. A



model of inflation using fo and f; was analyzed in [23]. The introduction of the coupling function f5 = f(¢)
in our model induces a new mixing between the scalar field and the vector field via the Einstein tensor (in
addition to the term (,,M X2 of f3). On the other hand, it could have significant implications onto the
dynamics of inflation. For example, the amount of e-foldings N obtained with the model introduced in [23]
is not sufficient in the end of inflation. In this way, with our model we will try to improve the amount of
e-foldings N, among others calculations. This analysis and others we will carry out in the next sections.

Now, from the above, the action given by Eq. (2.3]) takes the following explicit form:
4 Mg, 1 v 1 2 1 1 2
S= [ d*xzy/—yg TR — ZF,“,F“ — §BAM A AP — §V#¢V”¢ —Vig) — iﬁgA,LA“R + Ba(V, A*)

- V,uAquAM} - %BmMA#VpQS + f(¢)levll«AV] )
(2.5)

However, taking into account the identity
/ d4x\/7—g[(VMA“)2 - VHA,,V”A“] = / dlay/=gR,, A" A (2.6)

the action Eq. (2.5)) is reduced to

1

M?2 1 1 1
S :/d4x\/—g [QHR — §VM¢ VHg — V() 4FWF“” - §6AM2AMA“ - 5ﬁmMA#vm
(2.7)

+ (BoAra + f<¢)V“A”)G,W} ,

where G, = Ry, — %Rgm, is the Einstein tensor. We can see in Eq. that the action S can be
written as S = Sgg + 54 + 54 + Sga, where Sy g stands the Hilbert-Einstein action, Sy represents the pure
scalar field sector of the action, S 4 includes the pure vector field sector and a term coupled to the Einstein
tensor. Sea denotes the sector which include the coupling between the scalar field ¢ and the vector field
AF (via derivative scalar-vector interactions) along with a term coupled to the Einstein tensor too. From
this last sector, we will hope obtain new contributions to the background equations that allow us study the
inflationary paradigm.

Since we have a explicit form for the action, Eq. , then in this paper we will employ the usual algorithm
to obtain the general equations of motion, which is different to that used in [23], however, the results are
equivalent.

The variation of the action Eq. (2.7) with respect to the metric tensor g,, gives the field equations
1
R, — §R9;w =81GT ., (2.8)

where T}, is the energy—momentum tensor which is constructed from S4 4+ Sa + S44, and has the following

form: 5
2 48
— . ol A Ad
Ty = — Nert 7 T + T\ + T8, (2.9)



Each term is given by the following expressions:
1
T =Vu6 Vb — g <2VQ¢V“¢+ V(qb)), (2.10)
T4 = FuaF,* 4+ BaM2 Ay Ay + B (Ru AaA® = 4G (0 Ay A = RAL A, + 2V oV (4,)A%) = O (A,4,)

~ V.V, (AQAQ)) — G BFagFO"B + %BAMMQAQ + B (vavg (APA%) — O (AaA%) — Gang‘Aﬂ)] ,
(2.11)
T(AD) = 8, MALY,)6+ £(9) [RWVQAO‘ ~ RV, A, — 2G(va)Aa} +2G (0 Ay V£ (6)
= Valf(9)GuwA®] = ViV [[(9)VaA™] + VoV, [f(9)VI Ay ] + VaV(, [f(9)V,)A]

1
-0 [f(¢)v(uAu)] — Guv |:2ﬁmMAava¢ - f(¢)Ga6vaAﬂ + Vavﬁ [f(¢)vﬂAa] -4 [f((b)vaAa] :| :
(2.12)
On the other hand, the variation of the action with respect to ¢ gives the equation of motion,

1
U — Vv@ + §BvaﬂAu + GuuvMAyf,zj) =0, (213)

where f 4 denotes derivative of f with respect to ¢. In a similar way, the equation of motion for the vector
field is given by
1
V¥ Fuy + 580 MV,6 + BaM? A, — (26647 = V" £(6)) Gy = 0. (2.14)

3 Inflation in a SVT theory

In this section we use the general equations obtained above in a concrete background and in this way we

will see if possible to obtain a inflationary regime with this model. The usual choice for the background is

given by the flat Friedmann-Robertson-Walker (FRW) metric whose line element has the following form
ds* = —dt* + a*(t)d;;dz"da? (3.1)

where a(t) is the scale factor. In order to guarantee the homogeneity and isotropy of the universe, in the

next calculations, we will regard that the vector field is without spatial components, i.e.
Ap(t) = (Ao(1),0,0,0), (3.2)

and the scalar field is time dependent only, ¢ = ¢(t). Thereby, using the FRW metric and the vector and
scalar fields defined previously, the Einstein’s equations Eq. (2.8) and the equations of motion Eqgs. (2.13)

and (2.14)) are reduced to
1, 1 1 . .
BMEH? = 567 + V(9) + 5 faM?AF + 96 H? AT + 5 M Ao — 9H? Aod ., (3.3)

_(2H + 3H2)M1:2,1 = §¢)2 _ V(¢) =+ §/BAM2A3 — 3ﬂGH2A3 — 46@HAOA0 — 2BGHA3 =+ §ﬂrmMAO¢ (3 4)

+3H2 Ao f o +2HAodf.s + 2HA0Of o + 2HAodf. 5 + 2HA0)* f. 56,



. . 1 . . .
$+3HS+Vy+ 5ﬁmM(AO n 3HAO) —3H <3H2A0 + HAg + 2HAO)f,¢, —0, (3.5)

S8 M+ BaM Ao +3H? (20640 — df,5) = 0. (36)

It is clear that the introduction of the coupling function f(¢) in our model gives rise to new and important

terms in the background equations (although they are more complicated). Additionally, making suitable

choices for V(¢), f(¢), the dimensionless coupling constants B,,, 84, B¢ and appropriated initial conditions,
is possible in principle, to obtain a viable inflationary regime with this model.

Now, from Eq. , we can to write the temporal vector component Ag as

Ay = —BmM + 6H?f 4

2(BaM? 4+ 68cH?)

Is evident from Eq. that there is a direct explicit relation between the temporal vector component Ag

b, (3.7)

and ¢, and an implicit relation with ¢ (through of the coupling function f(¢)). Therefore, in this case we

can say that the dynamics of inflation is driven by the scalar field ¢ and its derivative ¢. If we consider that

_Of _ BnuM
f,¢_87¢_6?7

then Ap = 0 and the model corresponds to that with a single scalar field (inflaton) minimally coupled to

gravity, i.e. the action Eq. (2.7) it reduces to Sgg + Sg, which has been widely studied in the literature.

(3.8)

Now, considering a pure de Sitter expansion for the inflationary stage, we can found the coupling function
f(¢) integrating Eq. (3.8)) (since H is constant in this case)

m M
flo) = T

¢+C, (3.9)

where C' is an integration constant.

In order to analyze the inflationary regime with the background Egs. (3.3)-(3.6), we consider the slow-roll

parameters defined as )

H MF2’1 Ve 2 o

=—— =— (= = — 3.10
€ H2 ) €V 2 V ) 77 ) ( )

additionally, during the inflationary phase these slow-roll parameters must satisfy the restriction |e| < 1,

lev] < 1 and |n| < 1 [27]. Besides, in our case we define the following slow-roll parameters

Ao Aod f.0
H

61 = i

<1, |40 = < 1. (3.11)

Replacing Eq. (3.7) and its time derivative into Eq. (3.4]) and using Eq. (3.3)) to eliminate V', the slow-roll

parameter e takes the form

e ={d2(BAM? + 68 H?) [BaM* (484 — B2,) + 2H (M (2484 B — BB (3 +20) + 2M Bafin (3 — 2m)f o H
+ 6(128% + M (6868 + BaM (41 = 3),5) H' + 3686 (20 — 3) [ H” + 2=BaBnM* +12f (M1 1
+ 386 H")S.500) | }/{H2 [SMB(BaM? + 686 H?)? +2( = M*BaBn (86 5m +2MBaf o) + 18M* (5352

- 2MBaf o (BB + MBafs) H? + 108M?5af f4H' + 21682 £2,H°) 32|},
(3.12)



where we have used the slow-roll parameter 7 to eliminate é, and f 4, depicts the second derivative of f

with respect to ¢.
Now, considering in Egs. (3.5) and (3.7) the slow-low parameters given by Egs. (3.10) and (3.11) in an

inflationary regime, then we can obtain an approximate expression for ¢

N AV,y(MBa + 65 H?)
BH [M2(82, = 48.4) — 1228 + M .4 H? + 362, H1|

(3.13)

For f(¢) = 0 the Egs. and it reduces to those obtained in [23]. For suitable values of the
dimensionless coupling constants f3,,, 84, 8¢ and some specific choices for the coupling function f(¢), we
can assume that the scalar potential V' dominates over the other terms on the right-hand side of Eq.
during slow-roll inflation. This assumption has sense, since all terms on the right-hand side of Eq.
(apart of V) are proportional to P> (after of replacing Ay by Eq. 1' and as is well known, in the
inflationary regime 42)2 < V. In this way the Eq. it’s reduces to

3MEH? = V(¢), (3.14)

Replacing the last equation and Eq. (3.13) into Eq. (3.12)), and neglecting the slow-roll parameters n and

ey relative to 1 in the end. Thereby we get

. B2 M2ME) — AMMZ, By f oV +4F4V?
ER € ’ ,
v ABAM2 M, + AME (2B + B M f4)V — 4f2 V2

(3.15)

where in the last step, we have considered that |8,,| < 1. Additionally, making f,, = 0 and f(¢) = 0 in
Eq. , we have € &~ ey which corresponds to standard slow-roll inflation. We see that, the insertion
of a mixing between gb and Ag in our model could have important consequences in the evolution of the
inflationary parameters, e.g., ¢, Ay, the number of e-foldings N, among others.

In order to verify if the above considerations are correct, we will solve numerically the general background
equations obtained before. To do this, we replace Eq. (and its temporal derivative) in Egs. and
(3-5), and in this way the Eqgs. and are in terms of the scalar field ¢ and H. Moreover, taking
into account appropriated choices for the scalar potential V(¢) and the coupling function f(¢), for example

M2M2 2
V() = St (1 - e—%WMPl) , (3.16)

where . is a positive constant. This potential corresponds to the so-called a-attractor model [28]. And, for
the coupling function f(¢), in this work we will consider two choices:
w _
f(@) = o and  f(g) = ge MM, (3.17)
where in first coupling function, w is an arbitrary parameter with dimension of M™ (n € Z) and it is type
power-law coupling function, which has been widely studied in the literature (see [29]). In the second one,

& and A are arbitrary dimensionless parameters. This type of exponential coupling function has been used



in the literature too (see [30] and [3I]). Using the expressions given by Eq. and the first coupling
function in Eq. , appropriated choices for the dimensionless coupling constants 3,,, 84, 8 and along
with appropriated initial conditions, we can check numerically if the proposed model is viable to describes
inflation.

In Fig. [If we can see the evolution of é and Ag during inflation and reheating, and from it, is clear that
$ and A, display a slow evolution during inflation, which is a fundamental condition that must fulfill the
fields in the inflationary regime. Also, we can see in Fig. [2[ that the ratio Ao/(;.ﬁ obtained from Eq. |i is
nearly constant during inflation (i.e. for Mt < 130), since H and f 4 are nearly constant during this stage.
Moreover, in Fig. |1l we can see that the fields decay faster during reheating, but the ratio Ao/ é is not nearly
constant (see Fig. [2]).

In Fig. [3| we have plotted the evolution of the number of e-foldings N and we see that for appropriate
values of the model parameters and initial conditions used here, it is possible to obtain a suitable amount
of e-foldings (N = 60) for sufficient inflation. In this case, N ~ 63 (for w = 1 M*) at the end of inflation.
In general, inflation end when the slow-roll parameters leave of be much smaller than 1 and in our case this
happens from Mt = 130 (see Fig. 7).

Using the second coupling function, in Fig. [d] we can see a similar behavior during inflation to the shown in
Fig. [} but during reheating the fields oscillate and the amplitude of Ay decreases faster than the amplitude
of qb Furthermore, we can see in Fig. that the ratio Ag/ (b during inflation is not nearly constant, but its
variation is small in this phase. Additionally, in Fig. [6] is clear that for this second choice of the coupling
function, we get a higher amount of e-foldings than obtained using the first coupling function. In this case,
N = 64 (for £ = 4.5) at the end of inflation. These results it can explain taking into account that in both
cases Ao decay faster than ¢ during inflation (see Figs. |1] and . Therefore, from the above numerical
analysis, we can say that the introduction of the coupling function f(¢) in our model of inflation, allows
us to reach a suitable amount of e-foldings N for sufficient inflation. This result in very important, since
without the coupling function contribution, the amount of e-foldings is smaller at the end of inflation. This
result can be seen in Fig. 1 of [23]. Finally, in Fig. We plotted the evolution of the new slow-roll parameters
01 and 2 which are defined by Eq. , is clear that this parameters satisfy the conditions |d;| < 1 and
|02] < 1 during inflation. If we consider the first coupling function given by Eq. , a similar behavior
is observed.

Now, in order to verify whether the numerical inflationary solution obtained above is an attractor solution
or not, we carry out an analysis on the phase-space. In this ways, in Fig[8] we show the phase-space diagram
with various initial conditions and we see that the phase-space flow converge in distinct points depending
on initial conditions. This observed pattern is related to the form of the potential, since it is approximately
constant during inflation (flat potential) and it preserves its form under the translation ¢ — ¢ + const.
Therefore, we can say that the solution used here is independent of initial conditions (i.e. an attractor

solution).
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Figure 1: Evolution of ¢ and Ag (normalized by M Mp; and Mp), respectively) during inflation and reheating.
For this numerical simulation, we have used the potential given by Eq. 1l with a. = V6 /3 (i.e., standard
Starobinsky inflation) and the first coupling function given by Eq. (3.17) with n = 4, w = 1 M*. Moreover,

By = 0.08, B4 = 1, B = 0.3 and the initial conditions ¢(0) = 5.5 Mp, ¢(0) = —9 x 10~3 M Mp; and
H(0) = 0.494407 M, which is consistent with Eqgs. (3.3]) and (3.7)).
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Figure 2: Evolution of Ag/ qﬁ using the potential and the first coupling function given by Egs. 1) and

(3.17). In this numerical simulation the values of model parameters and initial conditions are the same as
those used in Fig.
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Figure 3: Evolution of the number of e-foldings N using the potential and the first coupling function given
by Egs. (3.16) and (3.17)). In this numerical simulation the values of model parameters and initial conditions

are the same as those used in Fig. [}
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Figure 4: Evolution of ¢ and Ag (normalized by M Mp; and Mp), respectively) during inflation and reheating.
For this numerical simulation, we have used the potential given by Eq. 1} with a. = V6 /3 (i.e., standard
Starobinsky inflation) and the second coupling function given by Eq. (3.17) with £ = 4.5, A = 1. Additionally,

B = 0.08, Ba = 1, g = 0.01 and the initial conditions $(0) = 5.5 Mpy, ¢(0) = —9 x 1073 M Mp; and
H(0) = 0.132553 M, which is consistent with Eqgs. (3.3]) and (3.7)).
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Figure 6: Evolution of the number of e-foldings N for the potential and the second coupling function given
by Egs. (3.16) and (3.17)). In this numerical simulation the values of model parameters and initial conditions

are the same as those used in Fig. [4
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Figure 7: Evolution of slow-roll parameters J; and do during inflation. In this numerical simulation we have

used the potential, the coupling function, the values of model parameters and initial conditions as those used
in Fig. [

4 No-ghosts and stability conditions

In this section, we exhibit the no-ghosts and stability conditions that our model during inflation must
satisfy, i.e., absence of ghosts and Laplacian instabilities of linear cosmological perturbations. Since the
general expressions associated to this analysis are very complicated, in our case, this conditions will be
verified numerically taking into account particular choices for the model parameters, the potential V(¢), the
coupling functions f(¢) and the initial conditions used in the previous section. For this task, we will use
the general expressions for tensor, vector and scalar perturbations obtained in [23]. In this way and in order
to have a self-contained document, in the next sections we reproduce literally the more important results
associated with the general perturbation analysis which was performed in the sections ITI, IV and V of [23],

and then we apply this general formalism to the present model.

4.1 Tensor perturbations

To start this analysis, it is consider the linearly perturbed line element of intrinsic tensor modes, which is
given by
d8t2 = —d¢t? + a2(t)(5i]‘ + hu)dxldmj, (41)

where the tensor perturbation h;; obeys the usual transverse and traceless conditions AV hi; = 0 and ht = 0.

Expanding the action (2.1]) up to quadratic order in h,; and integrating it by parts, the second-order action

15
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Figure 8: Phase-space structure for the inflationary solution. In this numerical simulation we have used the
potential, the coupling function, the values of model parameters as those used in Fig. [4] and various initial

conditions for ¢ were used.
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of tensor perturbations yields
3 . . . . 2
- / dtd%%améﬂ hajhi — %(8hij)(8hkl) , (4.2)

where the symbol 0 represents the spatial partial derivative and ¢; and ¢? are given by Egs. (3.3) and (3.4)

of [23]. For the model under consideration, the associated quantities for tensor perturbations ¢; and c7, are

given by |
— A2 (ﬂmM_GfﬂbHQ)(MﬂGﬁm +2f,¢(BAM2 +3ﬁgH2))¢2

q =Mp) — L(Ba M + 6B H?)? ) (4.3)

=1+ 28 M — 6f,6H?)(MBGBm + 2f,6(BaM> + 366 H?)) (4.4)

AMB,(BAM? + 666 H?)? — (B M — 64 H?)(MBGBm + 2f,6(BaM? + 366 H?))d?’
where ¢; represent the propagation speed of gravitational waves on the FLRW background and Eq. (3.7)
was used to express Ag in terms of qS Furthermore, to guarantee the lack of ghost or Laplacian instabilities

in the tensor sector, it must be fulfilled that ¢, > 0 and ¢7 > 0.

4.2 Vector perturbations

For perturbations in the vector sector, it’s used the perturbed line element in the flat gauge:
ds? = —dt* + 2V;dtdz"' + a®(t)d;;da’ dx? (4.5)

where V; is the vector perturbation obeying the transverse condition V‘V; = 0. The temporal and spatial

components of A* associated with the intrinsic vector sector are expressed as
AO = A()(t), Ai = Zi(t, aci), (46)

where Z; is the intrinsic vector perturbation which satisfies the transverse condition 8°Z; = 0. Expanding
Eq. (2.1) up to quadratic order in perturbations and using the background Egs. (2.13) and (2.16) of [23],

the resulting second-order action in the vector sector yields

1
2a

as(OV)(02:) + - (V)2 (4.7)

2
. 1 a
S :/dtd3 S j[“qu?—f 07?2 — S0y 22
B $i=1 5 Zi —5,(0Z:)" — JaaZi +

where g, a1, ag and a3 are given by Eqs. (4.4)-(4.7) of [23]. In our case, we get

¢ =1,

a; =1,

oy = BaM? + 4B H + 65 H?,
az = —28gA0+ ¢f 4,

(4.8)
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and ¢; is defined by Eq. (4.3).
Varying the second-order action (4.7) with respect to V;, we obtain the constraint equation:

0*(asZ; + q;Vi) = 0, (4.9)

from this equation it is evident that V; = —a3Z;/q; (taking the integration constant as 0). Replacing this
relation into Eq. , we obtain

2 2
S@) = /dtd3 Mol g2 So(gz,y2 — 2272 4.10
{ P32 - om - ) (410)

where )

2
c% — 201gr + o3 (4.11)
2QtQU
and replacing the Eqgs. (4.3) and (4.8)), we obtain
M2 o+ M 272

+
’ AME,(BaM? + 686 H?)? — (B M — 6f4H?)(MBGBum + 2f6(BaM? + 356 H?))¢*
Newly, it must be fulfilled that g, > 0 and c? > 0 to guarantee the lack of ghost or Laplacian instabilities of
vector perturbations. From Eq. (4.8)), is evident that the first condition is satisfied.

4.3 Scalar perturbations
For scalar perturbations, the perturbed line element in the flat gauge:
ds? = —(1 + 2a)dt* + 20;xdtdz" + a*(t)6;;dx"dx? (4.13)

is considered, where v and y are scalar metric perturbations. The components of the vector field it can write
in the form

A% = —Ay(t) + 0A, A; = 051, (4.14)
where JA is the perturbation of the temporal vector component A°, and v is the longitudinal scalar pertur-

bation. The scalar field ¢ is decomposed into the background and perturbed parts as

@ = ¢o(t) + do. (4.15)

Expanding the action (2.1)) up to quadratic order in scalar perturbations «, x, 6 A, ¢ and d¢. In doing so, we
use the background Egs. (2.13) and (2.16) of [23] to eliminate the terms f; and f3 4. Then, the second-order

action for scalar perturbations can be expressed as

52 = / dtd3x(L? 4 L£EF), (4.16)
where
£¢ =a*|D109” + D, (‘92‘3)2 + D336? + (D186 + Dsdo + Ds 3Z§¢)a — (Dgd — D75¢)aj—2’< .
+ (Dsdg + Dodg)SA + Dmaqs%ﬂ , .
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and

wer

w1 — Wy ——

+ws—m + {ws1) — (w2 — Agwe)p}
0

SAN 02y (9a)? ) 025 A
AO)T2 T WsT o Twaen - <w3 a2 A
§A? 925 A

QaQAg

—wg—— +

SA 924 D21
AO wgaT/lo CL2 )a
(9¢)* ww)Q}

34a2A% T+ 2a2

where GP means Generalized Proca thaories and the coefficients Dy 10 and w; . g were defined in the

appendix of [23]. In our case, these coeflicients are given by

and

Dy = §H3Aof,¢¢ + %Vw,
Dy=—¢+3H?Aof 4+ %BmMAO,

Ds = 3H?$ Ao f.50 — Vg,

D¢ = —2HAof 4,

D7 = —3H?0Aof ¢ + 2HOAof 5 + & +

B 26D + Dy + 3H Dg
Ay ’

Dy 2] L¢
Dg = ———+6H — =
9 L oy by’

. 1
DlO = _2Hf,d> - 3H2f,¢ + §ﬂnLM

Dg =

wy = —2H)Af » — 2HMp) — 28 H A3,
=w; +2Hq; — ¢3D67

_2A%(Zv,

(4.19)

1
o mMA7
5B M Ao

3 . 1. 3 .
_3H2MP2’1 + 3H2BGA3 + §H2¢A0f,¢ + §¢2 - ZB"LMQSAO)

_ 3H(w1 + wg)

1., 1 )
- = —BmMpAog,
Wy > 2¢ +25 ®Ag

2wy — wy — 2¢Dg + AH MB, + 46 H A2

Ay
3H2Hf 4 N BmM¢

—AB~H —
P A 24,

= 3Hw; — 2wy + ¢Dy.

(4.20)

)

From Egs. (4.17) and (4.18) it is clear that the fields «, x and § A are nondynamical. Therefore, varying the
action (4.16]) with respect to «, x and §A, we obtain the three constraint equations in Fourier space:

. 0A K
D4($(Z5 + D5(5¢ + 2’[1)4& + wg—— + ? (’U)3

2l

A Ay
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+ wetp — Dedep — nga—wlx—i—w;g—) —0, (4.21)
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Dgd¢ — Drd¢p — wrar + wzi—A =0, (4.22)
0

. o SA  K? 1 sws 1/) Agwg — way Y w3 0A

Dgb + Db L) ————(—— LW Z W2 Y s — ——):0,
800+ Dodg Fws g+ 20579 = 50\ % Ay 3 A, Wse T mRX Tt

we solve Egs. (4.21)-(4.23) for o, x and 0 A, and eliminate these variables from the action (4.16)). Then, the

second-order action of scalar perturbations can be expressed in the form

(4.23)

L. k2 )
52 — / dtd*za® (;thy = ?’ZtG)Z — "My — ;ztBy), (4.24)
where K, G, M and B are 2 x 2 matrices, and x is defined by
X' = (4, 69). (4.25)

In the small-scale limit, the leading-order contributions to the matrix M do not contain the k% terms. We
shift the k2 terms appearing in B to the matrix components of G after integrating them by parts. For

k — oo, the components of K and G are given, respectively, by

w%wg) + w§w4 —+ wiwowsg

K = ,
1 A%(wl — 27.1)2)2
D 4 2
K222D1—|—76(D4 wD6+2AODS)a (4.26)
w1 — 2we wi — 2wo
1 4 2
Kio=Ky = ———— [U/QD4 + wi(thws + ws) + 2wz (wy + wS)D6 + Agun Dg |,
2A0 (w1 — 2w2) w1 — 2’LU2
and 2
. 4
Gun=FE +HE — —0p2 "7
w3 2
. 2A 4 A2
Gay=Fy+ HEy — “°D;Ey — —OE2 — D, (4.27)
W ws
) 4A2 wo D1o
Gia=Go1 =FE HE; — —YE\E —=—D —
12 21 3+ HE3 ws ! 3+2A0(w1—2w2) 7+ 5
where F1, Fs and E3 are defined as
B — Weg wiw2
YT4Ay  4AZ(wy — 2wy)’
D2
Ey=—— "6 (4.28)
2(’[1)1 — 2’LU2)
D
Es W2 le

- 2A0(w1 — 2’(1)2)'

In our case, the explicit form for the components Eqs. (4.26) and (4.27) are obtained replacing D . 10 and
s given by Eqgs. (4.19) and (4.20]), but the resulting expressions are too long to be written here.

In order to ensure the absence of scalar ghosts, the kinetic matrix K must be positive definite. In other

wi

,,,,,

words, the determinants of principal submatrices of K need to be positive. Thus, we require the following
two no-ghost conditions:

Ki1 >0 or Ky > 0, (429)
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gs = K11 Ka — K. (4.30)

In the small-scale limit, the dispersion relation following from the action (4.24]) with frequency w is given by

k‘2
det <w2K - c12G> =0, (4.31)

2

Introducing the scalar sound speed ¢, as w? = ¢2k?/a?, the above dispersion relation leads to the two scalar

propagation speed squares:

R K11Gaz + K22G11 — 2K19G12 + /(K11Ga2 + K22G11 — 2K12G12)? — 4(K11 Koz — K3)(G11Ga2 — G3,)

o 2(K 11 Ka — K7y)
(4.32)

o Ki11Gag + KoaGry — 2K12G12 — \/(K11G22 + K29G11 — 2K12G12)? — 4(K11 K22 — K75)(G11Ga2 — G2,)

Cog =
2 2(K11 Koz — K1)
(4.33)
For the absence of Laplacian instabilities, we require that
2 >0, & >0. (4.34)

In order for the system to be completely stable against ghosts and Laplacian instabilities, all the dynamical
degrees of freedom must simultaneously satisfy both of the conditions of no-ghosts and positive squared sound
speeds, however the expressions obtained here for q;, ¢?, g, ¢2, Kaa, qs, ¢2, ¢, are in terms of complicated
combinations, which include several model parameters and other quantities as H, f 4 and the field ¢ and its
derivative, then is not easy to write explicit no-ghosts and stability conditions. Therefore, in this work we
will verify numerically these conditions taking into account particular choices for the model parameters, the
potential V(¢), the coupling functions f(¢) and the initial conditions used in the previous section. Thereby,
in Figs. [9 and [I4] we can see that for our model the no-ghosts and stability conditions
during inflation are satisfied, i.e. there are no ghosts and Laplacian instabilities of tensor, vector, and scalar
perturbations. In Figs. and |13 we observe that the given quantities are nearly 1 during inflation (in this
work, we have used the natural units in which the speed of light ¢ is equivalent to 1) and in Fig. and
we see that Ky is about 1/2 during inflation. However, at the end of inflation these figures show a large
deviation which is induced by the time variation of ¢ (besides, in Fig. We can see that ¢ reaches a minimum
around the end of inflation). This same behavior is observed in Fig. 4| too. Moreover, in this context, the
general condition is that these quantities must be positive to guarantee the absence of instabilities within the
model, since in this regimen (inflation), until now, there are no constraints imposed by the observations in
early times, like those imposed by the gravitational waves in late times, z < 0.09, (the speed of gravitational
waves ¢; is the same as the speed of light, which places tight constraints on dark energy models constructed
in the framework of modified gravitational theories). In this sense, this restriction does not apply to high

redshift values (inflation), thus, the model (scalar—vector-tensor theories) under consideration in this work
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Figure 9: Evolution of ¢, g, and g5 during inflation. In this numerical simulation we have used the potential,

the second coupling function, the values of model parameters and initial conditions as those used in Fig. []

could be used in an inflationary context. Finally, from the above, we can say that using the second coupling
function we obtain better results than those obtained using the first coupling function (since in Fig. the

exponential growth of ¢2 and ¢, after inflation could be problematic).

5 Conclusions

In this work, we have studied inflation in a particular scalar-vector-tensor theory of gravitation without the
U(1) gauge symmetry. This model was constructed from the more general action given by Egs. and
using certain specific choices for the Lagrangians and the coupling functions (see Eq. ) From this
model, we obtained the general background equations of motion on the flat FLRW spacetime and using con-
crete choices for the potential (see Eq. ), the coupling functions (see Eq. ), suitable dimensionless
coupling constants and initial conditions, was possible to verify numerically that this model of inflation is
viable. In this way, in Fig. |1| we plotted the evolution of ¢ and Ay during inflation and reheating, and from
it, is clear that ¢ and Ag display a slow evolution during inflation. Further, the fields decay faster during
reheating. In Fig. [3| the evolution of the number of e-foldings N was plotted and we see that in this case,
it is possible to obtain a suitable amount of e-foldings (N 2 60) for sufficient inflation. Moreover, N =~ 63
(for w = 1 M*) at the end of inflation. Using the second coupling function, in Fig. 4l we can see a similar
behavior during inflation to the shown in Fig. [T} but during reheating the fields oscillate and the amplitude

of Ag decreases faster than the amplitude of (b Furthermore, in Fig. |§| is clear that for the second choice of
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Figure 10: Evolution of ¢7, ¢

potential, the second coupling function, the values of model parameters and initial conditions as those used
in Fig. [

the coupling function (see Eq. ), we got a similar amount of e-foldings as that obtained using the first
coupling function. In this case, N = 64 (for £ = 4.5) at the end of inflation. Therefore, we can say that the
introduction of the coupling function f(¢) in our model of inflation, allows us to reach a suitable amount
of e-foldings N for sufficient inflation. This is a remarkable result, since without the coupling function con-
tribution, the amount of e-foldings is smaller at the end of inflation, as has been demonstrated in [23]. In
Fig. [7] we plotted the evolution of the new slow-roll parameters d; and d, which are defined by Eq.
and from it, is evident that the slow-roll parameter parameters satisfy the conditions |41 < 1 and |d2] < 1
during inflation. Also, we have shown that the numerical inflationary solution obtained here is an attractor
solution (see Fig . Finally, the no-ghosts and stability conditions that the model during inflation must
satisfy, i.e., absence of ghosts and Laplacian instabilities of linear cosmological perturbations were obtained.
For do this, the general expressions for tensor, vector and scalar perturbations obtained in [23] were used,
reproducing literally the main results associated with the general stability analysis which was performed in
the sections ITI, IV and V of [23], and then we applied this general formalism to our model. In this sense,
the main expressions which must be positive to guarantee absence of ghosts and Laplacian instabilities were
obtained, and them are: q;, ¢?, qy, ¢2, Koz, qs, ¢2; ¢2, (see Egs. , , , (4.12)), (4.29), (4.30),
and ) Additionally, the positivity condition which these quantities must be satisfied were veri-
fied numerically too (see Figs. [9H14)).

We must emphasize that the main goal of this work was devoted to the demonstration of a viable model of
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Figure 13: Evolution of ¢7, ¢2, ¢?; and c%, during inflation. In this numerical simulation we have used the

potential, the first coupling function, the values of model parameters and initial conditions as those used in
Fig. 1]

inflation that was healthy at the theoretical level, which was successfully achieved. Phenomenological con-
sequences of this pathology-free model is therefore of interest for further studies. The observational bounds
on the scalar spectral index and the tensor-to-scalar ratio can constrain/falsify this model, but that kind of

analysis is beyond the scope of this work and could be addressed later.
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