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Abstract

An effective Lagrangian approach, partly inspired by Quantum Loop Cosmology (QLC),
is presented and formulated in a non flat FLRW space-times, making use of modified gravi-
tational models. The models considered are non generic, and their choice is dictated by the
necessity to have at least second order differential equations of motion in a non flat FLRW
space-time. This is accomplished by a class of Lagrangian which are not analytic in the
curvature invariants, or making use of a mimetic gravitational scalar field. In this paper we
want to show that, for some effective models, although the associated generalized Friedmann
equation may admit non singular metrics as solutions, the de Sitter space-time is present only
for a restricted class, which includes General Relativity and Lovelock gravity. The other mod-
els admit pseudo de Sitter solutions, namely FLRW metrics, such that for vanishing spatial
curvature looks like flat de Sitter patch, but for non vanishing spatial curvature are regular
bounce metrics or, when the spatial curvature is negative, Big-Bang singular metrics.

1 Introduction

The theory of General Relativity (GR), with a suitable cosmological positive constant and
the addition of the dark matter, is in accordance with the experiments in a vast part of the
history of the Universe, including the acceleration (or Dark Energy dominated) era. With an
additional scalar degree of freedom, this model can also describe the primordial inflationary
period, which is a possible solution for the horizon and flatness problem. This is essentially
the so called ACDM model, or the standard cosmological model, and it has been recently
tested with high accuracy [I} 2} B]. With regard to this, very recently, the evidence also for a
possible closed universe has been reported [4].

It is also well known that the field equations of GR are a system of partial (quasi-linear)
differential equations which are at most at the second order in the derivatives. This latter
property has profound mathematical and physical implications. For instance, this fact is a
necessary condition in order to build a consistent Hamiltonian formulation.

In a classical theory of gravity, a celebrated theorem due to Lovelock [5] states that in
order to have second order partial differential equations as equation of motions for a scalar
Lagrangian depending only on curvature invariants, we have to deal with higher dimensional
space-times. In D = 4, the only Lagrangian admitting second order differential equation
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is the Einstein-Hilbert Lagrangian, up to the addition a cosmological constant. Both GR
and Lovelock gravitational theories admit solutions corresponding to singular space-times,
namely metrics whose scalar curvature invariants have singularities, or equivalently there
exist geodesic incomplete metrics.

It is believed that quantum corrections to GR might solve the aforementioned singularities
issues. In fact, in Quantum Loop Cosmology (QLC), an effective modified Friedman equation
has been obtained, whose solution in a flat FLRW space-times admits a bounce, a solution
without the GR Big Bang singularity |6} [7]. See also Refs. [8],[9].

On the light of reference [4], our aim in this paper is to extend this effective approach,
inspired by QLC, to non flat FLRW space-times, making use of modified gravitational models.
We will show that for some effective models, the associated generalized Friedmann equation,
in general, may admit non singular FLRW metrics as solutions, but there exist pseudo de
Sitter space-time solutions, namely metrics which coincide with the flat FLRW de Sitter
patch, the one with vanishing spatial curvature. For non vanishing spatial curvature, and in
the presence of a positive cosmological constant, the solutions are regular bounces for positive
spatial curvature or singular Big-Bang metrics for negative spatial curvature.

The fact that the generalized Friedmann equations admit pseudo dS solutions might par-
tially be understood observing that some of modified gravitational models are described by
Lagrangians which are non-analytic in the curvature invariants, becoming singular on dS
space-times.

The paper is organized as follow. In Section 2, a brief review concerning dynamical spher-
ical symmetric space-times is presented. In Section 3 and 4 we discuss the issue associated
with the dS solution respectively for some mimetic models and non-polynomial gravity mod-
els. In Section 5 we present an example of the aforementioned dS problem in the context of
Horndeski gravity. In Section 6 we review Lovelock gravity and we show that these models
are not affected by the pseudo dS issue. In Section 7 we draw some conclusions.

If not otherwise stated, in this paper we will consider the convention 87Gn = 1.

2 Spherically symmetric space

The D-dimensional Friedmann-Lemaitre-Robertson-Walker (FLRW) space-times are an ex-
ample of Spherically Symmetric Space-times (SSS). For the sake of completeness, we shall
briefly review the formalism we are going to deal with in the following sections. We follow
Refs. [10] [11].

The generic SSS metric reads

ds® = guudatdz” = yap(z)dzdz’ + r*(2)dSH_5, (1)

where a,b = 0,1 and r is a scalar quantity, while S%_, is the D — 2 dimensional sphere.
Other relevant scalar quantities on SSS are

X =" or.dry , 2)
and
2
®=Vir, (3)
where V?Y is the two dimensional Laplacian on the two dimensional normal space-time whose

metric is Ygp.
For example, in a non flat FLRW space-time, the metric being

2
ds® = —dt* + a(t)’ <1 fpka + deS,%,2> . k=0,+Ko, (4)
where a = a(t) is a function of the time only, we obtain x = (t,p), r = a(t)p, Yab =

diag (—1, %)7 and we get

x =v0ra0ry =1 — 12 J?, JQ:HQJrﬁ7 (5)

a2

a

where H = £ is the Hubble parameter. The other invariant (3] reads

O=Vir=—(J"+Q%r, Q*=H"+H, (6)



the dot being the derivative with respect to the time coordinate t. As a result, J? and Q? are
confirmed to be scalar quantities in a generic SSS. It should be noted that the Ricci scalar is
given by

R=6[J"+Q°]. (7)
Now we see an example, which it will be useful later, namely the de Sitter (dS) space-time.
Besides the static patch

dr?

2 2 2 2
ds :7(1*[‘[07‘ )dt +W

+r%dS?, (8)

where Hy is a constant, dS space admits three FLRW space-times patches.
The first one is flat FLRW patch with k = 0,

ds® = —dt® + e*°" (dp® + p*dS3) | (9)

where a(t) = e, and H = Hy. From equation (G)), we obtain J? = Hg = Q°.
Then we have the k > 0 patch. With a set of new coordinates (7, R) it can be written as

dR?

2 2 2
ds :_dT +COSh HOT (m

+ RQng) 4 (10)

Here, a(T) = cosh HoT, k = H and H = Hy z;‘;ll:g(“)g We still have J? = HZ = Q?, as in the
flat case.

Finally, we have the k < 0 dS patch. With another set of coordinates (7, 0) we obtain,
ds® = —dr? + sinh® Hor L‘Q + o%dS (11)
"\t Hio? 2]

where a(7) = sinh Hor, k = —H3 and H = Hy Zf’jﬂgg: Again, we have J?> = HZ = Q%. In
all dS patches, the Ricci scalar is constant and reads R = 12H2

We conclude this Section by recalling that there exists a dynamical trapping horizon (see
for example Refs. [10,[11] and references quoted therein) when xz = 0 (for instance, in FLRW
when % J? = 1). In this case, there is a related dynamical surface gravity, dubbed Hayward

surface gravity, given by

1 1, s [J2 4+ Q°]
kg = 5@]—1 = 5 (V’YT)H = —72 TH . (12)
It is easy to show that the dynamical horizon for dS space-times in all the versions reads
rTH = HL7 and a surface gravity |kg| = Ho. The possible relation of kg with a dynamical

Hawking effect and Hawking temperature is discussed in Refs. |10} 111 12} [13].

3 Mimetic models

If we want to work in D = 4, preserving the GR property of having second order differential
equations in the FLRW space-time, we might consider the so called Horndeski models |14],
Horndeski mimetic models [15] [16], 17, 18}, 19 20, 211, 22}, 23] 24}, [25] 26, 27, 28], 291, 30}, 311 [32],
DOHST models [33] 34], or Non Polynomial Gravity models [35] 36]. In this Section we
present the issue associated with the dS solution for some mimetic models.

3.1 A covariant renormalizable model

We firstly consider the following mimetic scalar tensor gravity model [37) [38],

I:/Md4x\/f_g{R;2A+/\<Xf%>fV(¢)}+IH+Im, (13)

where X = —%g“”@uqb@uqz A is a Lagrange multiplier, ¢ is the mimetic scalar field whose
potential is V = V(¢), A the cosmological constant and I, is the matter-radiation action of
a perfect fluid. The higher order contribution is given by

In :/ d*zv/—g a(Gu V* eV o)™, (14)
M



where o and n are constants. The above Lagrangian is a particular case of the general mimetic

Horndeski Lagrangian [14] 33, [34]. Some examples of Horndeski mimetic gravity models have

been recently considered in Ref. [2I]. When the constant « is vanishing, and in the absence

of matter, the above model reduces to the original mimetic gravity proposed by Chamseddine

and Mukhanov [16]. In the following, we put V(¢) = 0 and we omit the matter contributions.
In order to compute the field equations, we use the line element

2
ds® = —N?(t)dt® + a(t)? (1 f’"w + r2d5’2> , (15)

where N = N(t) is an arbitrary dynamical variable which takes the value N = 1 after its
variations. The action is therefore a functional of a(t), N(¢) and A. Assuming an homogeneous
and isotropic scalar field ¢ = ¢(t), i.e. a dependency on ¢ only, the variation with respect to
A gives the mimetic constraint
P =1. (16)

Thus, in the following we can consider ¢ = ¢. From the variation with respect to N (and
considering N = 1 after the variation), we obtain the generalized Friedmann equation, which
reads

6J% — 2N — a(=3)"J*" + 2a(=3)"J*"PH? = X, (17)
where we have introduced the scalar quantity J? defined in (B). Then, the equation of motion
associated with ¢ gives

A= —2na(-3)"J%". (18)
As a result, the Lagrangian multiplier can be eliminated and the final equation reads
6J% + (2n — 1)a(=3)"J*" 4 2a(=3)"J*" > H?> = 2. (19)

As we noted before, for n = 1 we are considering a mimetic Hordenski gravity model. Let us
investigate this case, namely

6.J% — 3aJ® — 6aH? = 2A. (20)

It should be noted that in this equation the quantities J?> and H? appear. Therefore, for
k=0, J2 = H? and the dS-like solution with H = Hy exists. However, the other two dS
patches are not solutions of the above equation, due to the fact that J? should be again
J? = HZ, namely a constant, but the term H? explicitly depends on the time.

Other solutions can be found for k # 0. As a differential equation for a(t), we find

(6 — 90)a” — 2Aa* = —k(6 — 30) . (21)
Let us assume positive A and 0 < a < % Thus, for k = 0, we get
a(t) = "ot HZ — 63/\90(. (22)
However, for non vanishing spatial curvature, there exist the two following solutions
a(t) = cosh Hot, k=pu>>0,
a(t) =sinh Hot, k= —p><0, (23)
where
M22H36—9o¢_ 2A (24)

6—3a 6—3a
The first one is a regular bounce solution, with J? finite but non-constant. The second one is
a Big-Bang singular solution at ¢t = 0.

From Eq. ([@4), we see that the only way to obtain u? = HZ, as required by the de Sitter
form of the metric (I0) and (), is to consider & = 0, i.e. GR. This is not mysterious at
all since de Sitter space is a maximally symmetric vacuum solution of Einstein equations. A
static cosmological horizon with rg = 1/J = 1/Hj is associated to the dS space-time (see the
last paragraph of the preceding Section). Here, when o # 0 and k # 0, we get a dynamical
cosmological horizon. In the specific, for k > 0 we obtain 1/H3 < r < (6—3a)/(H3(6—9a))
with 7% (t — £00) = 1/H¢ and % (t = 0) = (6 — 3c)/(H&(6 — 9c)). On the other side, when
k<0,0<7r} <1/H§ with r(t = 0) = 0 and 7% (t — o0) = Hg.

As a consequence, the dS solution does not exists in this model, but there exists three
distinct cosmological FLRW models associated with the value of spatial curvature.



3.2 An extended mimetic gravitational model

In this Section we revisit the extended mimetic model introduced in Ref. [39] by making use
of a Lagrangian minisuperspace approach. Here, however, we shall deal with non flat FLRW
space-times, as considered very recently in Ref. [40] within a different approach.

We start with the action

1= [ atevmg [ Eaa(x-3) + @] + . (25)

The higher order differential term in ¢, f[x(¢)], depends on x(¢) = —V*V,.¢ /3.

With the metric (IH), the action is again a functional of a(t), N(¢t) and A. However,
we may simplify the derivation of the equations of motion considering N(¢) = 1, and again
assuming ¢ = ¢(t), i.e. a dependency on ¢ only. The variation with respect to A gives again
the mimetic constraint (6. Therefore in the following we can consider ¢ = ¢t. Thus

1 1 s 1
X(¢) = _gvuvlﬂﬁ = —g@“@uqﬁ—f— g" grfwap¢ =H. (26)

For our purpose we would like to consider the non-vacuum case, namely now we will take
into account the contribution of standard matter. In this case, it is convenient to start with
the variation of the action with respect to the scale factor a, which leaves to the generalized
second Friedmann equation,

F(H) Hdf(H) 1ddf(H)

2 2 —
SO+ 0+ -5 @ am P (27)

p being the matter pressure. Using the matter conservation law
p=—3H(p+p), (28)

where p is the matter energy density, we can easily obtain the generalized first Friedman
equation as
H
6.J°(t) + f(H) — H% =2p. (29)
Furthermore, let us consider the choice [39] [41] [42]

f(H):6H2+(1X_z[17\/17a2H2faHarcsin(aH)] , (30)

where « is a dimensional positive parameter. Note that, since f(H) goes to zero when a — 0,
in this limit one recovers GR. Thus f(H) may represent a “correction” to pure mimetic gravity.
Obviously, we must require H> < 1/a?.

From equation ([29) we find

S h-VimeE =p- 2 (31)

a2

which is equivalent to

3k
_ 3k 12

In QLC (see [4I] for a review), p. is proportional to the Planck energy density pp; and,
analogously to the flat QLC case, in general 0 < p — 3k/a® < p.. Therefore, when k # 0, pe
can not be considered as a critical density. For an alternative Lagrangian derivation within a
mimetic approach and when k is not vanishing, see Ref. [41] and references therein.

For kK = 0 we obtain
3H2:p< ,pﬁ) . (33)

This is the QLC modified Friedmann equation in flat FLRW space-time. For an equation of
state p = wp, w # —1, it admits a well known bounce solution
3po(1 2
alt) = {@ 4 3ot w)” o (34)

1/[3(1+w)]
Pc 4 ]



When the critical density p. is going to infinity, we recover the GR Big-Bang solution. For
other cosmological bounce solutions see Ref. [42] [43] [44] and references therein.
Furthermore, in the case w = —1, namely p = po, the above equation (B3] admits a k =0
dS solution.
On the other side, when k # 0, we should use of Eq. (32)) which can be rewritten as
(p—2)°

3 =p—
pe

(35)
Then using J? = H? + ka™2, and for k # 0, this equation does not admit in general a pure
(vacuum) dS solution. Instead, we have the one-parameter family of particular solutions for
w = —1 and p = po,

2 3k(pe — 2po) 2 _ 4po(pe — po)
a®(t) = =L — 200 g cosh(Hot), HE = e 100 36
®) 200(pe — po) (Hot) 0 3pe (36)
with ) o
@ =2 K (37)

4 p5(po — pe)?
As a result, if pg < pe for k > 0, we find a bounce solution and we see that the qualitative
behaviour is not far from de Sitter space. However, we note that in principle po may be larger
than p. while it still satisfies the requirement po — 3k/a®> < p.. In this case, the bounce
solution is not present.

For k < 0, the Big Bang singularity appears. Since po < pc (such that po — 3k/a® < pc),
we get

Ho sinh Hot

H{(t) ~ "9 cosh Hot — 1

and the solution diverges when ¢t — 0. Thus, in this case, H can become arbitrarily large, and
the condition H? < 1/a? = p./12 is satisfied in the QLC case for times where H(t) < \/ppi.

for k<O, (38)

3.3 Non vanishing spatial curvature models

When k # 0, and in presence of matter, in general the Big -Bang singularity may be absent.
First we give an example of exact solution for the extended mimetic model presented above.
Consider the barotropic equation of state p = —p/3, i.e. the equation of state parameter is
w = —1/3. Asaresult, p(t) = poa(t) 2. Tt is convenient to introduce the quantity y(t) = a(t)>.
In this case, equation ([32) becomes
2
2 = (o -3y - 2=

2
Ci,/@t} 7 (40)

where C' is an arbitrary dimensionless constant of integration. Moreover we assume po > 3k
in order to obtain a real solution. These are regular bounce solutions, with a(0) # 0. When
C = 0, the regular solutions become a unique symmetric bounce solution, namely

(39)
The related solutions are

w0 = () = B

:p073k+p073kt2.

12
a(t) py 3

(41)
The related density is also regular. When p. goes to infinity, we recover the well known GR
solution, admitting the Big Bang singularity.

For a generic w, it is not easy to find an exact solution. Alternatively, we may start
separating the variable in equation (2) with y = a®, namely

dy

Nl

(42)



where we have used the matter conservation law and put

2
Y(y) = 4_50 y1/273w/2 _pPo y*(1+3w) B 31"_@/ + %y7(1/2+3/24‘,) B 9k . (43)
pe 2 po P
If k is not vanishing, the above integral is only exactly computable only for w = —1/3.

However, if we make an expansion around the critical point defined by Y (y.) = 0, namely

V232 _ PO (143 3ky n %y*—(l/2+3/2w) 9%k 0 (44)
Pec Po Pc PcPo

we obtain the approximate solution, valid for small ¢

Y/
ORI (45)

where
yr = 40 [1=30 ipsurn | po(L430) o) 3k 3K(EER) —a/2i0/0u) | (46)
3 2 Pe Po Pc

Above, y. is solution of the transcendental equation (44)). It is easy to show that for w = —1/3,
we obtain the approximate solution related to the exact solution found before. Thus, from
equation (43)), we may conclude that we should deal with a regular symmetric bounce as soon
as Y« > 0 and Y/ > 0.

4

As a check, for £ = 0, we obtain y3/2+3/2“’ = %Cl, thus y« > 0, and Y, = %ﬁl(l +

w)y;(2+3w) > 0, in agreement with well known exact flat bounce solution.

4 Non-Polynomial gravity models

The issue associated with non existence of the dS solution for mimetic models persists also in
the case of Non-Polynomial (NP) gravity models, as we will show in this Section. In fact, we
will find that the non-analyticity of these models might lead to the pseudo dS issue.

4.1 The F(R,G)-model

Consider a modified gravity model described by the following F (R, G)-gravity action,

_ 4 F(RvG)
1_/de\/——gT+1m, (47)

where, again, I, is the matter-radiation action of a perfect fluid, FF = F(R,G) is a generic
function of the Ricci scalar and the Gauss Bonnet four dimensional topological invariant
defined as

G =R’ — 4R, R" + Ryuea R . (48)
If we consider a generic non flat FLRW space-time, and if we use again the line element (1),
then the Ricci scalar and the Gauss-Bonnet assume the form

i a? aN  k
R = 6<aN2+a2N2_aN3+§>’ (49)
G = W(a_z\;l_am —aNk—l—Nak)A (50)

Substituting these expressions inside the Lagrangian we obtain a higher derivative theory.
However, in order to simplify the computation and the final expression, we can use two
Lagrangian multipliers A and p and thus rewrite the action as [45]

I = /dtNa?’{F(RG)—
i a? aN  k
‘A[R‘6<m+m‘m+ﬁ)]

L9 .3
—u {Gf 2 (M _anN dekJrN'dk)]} 4. (51)

a?N3 \ N N2



The variations with respect to R and G lead to

Thus, after integration by parts, we obtain the Lagrangian in the gravitational sector

3 6aaFr 84°Fa 6aa’Fg 24aF¢
L(N,a,R,G) = Na’(F—RFr—GFg) N NE N +k | 6NaFRr N ,
(53)
which involves only first derivatives of the given variables.
The variations with respect to N and a yield
6J°Fr + (F — RFr — GFg) + 6H (FR n 4J2FG) =2, (54)

SH?Fg +2Fp +4HFpr + 16HFG(H + H?) + Fr(4H + 6H”) 4+ (F — RFr — GFg)+

k ..
+ = (2Fk + 8Fc) = —2p, (55)

where we fixed N = 1 after the variation, and we considered the contribution of matter.
Obviously, for F(R,G) = R we recover the GR Friedmann equations.

Since this model is a higher derivative theory, the above equations of motion involve the
presence of third and fourth order time derivatives of the dynamical variable a(t). Further-
more, in general, the dS solution exists in all patches. For example with the choice

F(R,G):R+%R2+§G27 (56)
we find
6J2(1+aR)f%R27§G2+6H [aR+4J2G] =2. (57)

In the dS case, Ro = 12HZ and Go = 24H§ are constant, and for all dS patches J? = HE.
Thus, with po constant or vanishing

6Hy = §G% +2p0, (58)
which determines Ho, namely the dS curvatures. Note that this example is not affected by
the dS issue.

We can obtain the same result starting from dS existence condition for F(R,G) modified
gravity which reads [46]

2F = RFg + 2GFq . (59)

In the following, we would like to discuss another suitable choice for F(R, ), such that
the above equations of motion contain only first and second order time derivatives of a(t).
We will follow Ref. [47]. Let us consider

/B2 —
F(R,G) =R+ f[J*(R,G)] with  J*= w. (60)
In fact, on a generic FLRW space-time, we find
JP=H+ % 4 (61)

Note that this choice necessarily contains a non analytic dependence on the variables R and
G. The first modified Friedmann equation with this choice becomes

6J° + f(J?) — %% =2p. (62)

We may write the above equation in the form

— g_gp,iﬁ (63)

2 2
6J"+ f(T) =55 =2~ 2557



This equation is similar to the one derived within the extended mimetic model. Thus, making
again the choice

F(J) =6J° + 12 [17\/17042(]2faJarcsin(aJ)] , (64)

o?

where « is again a dimensional positive parameter, we find

%[17\/17‘12042]:;)72—];(17%(“])). (65)

aJ

This leads to

2 = () _ 12
3J% = p—pi(J) e P (66)
where
6k arcsin(aJ
pr(J) = pe} [1 - #] . (67)

When k£ = 0, pr(J) = 0, and the above equation coincides with the one obtained in the
mimetic approach and, of course, they have the same flat bounce FLRW bounce solution.
Again, when p = po constant, for £ = 0, we obtain a flat dS like FLRW solution. On the
other side, for k different from zero, dS solution does not exist. In this model, we may
understand the non existence of the dS solution, since in the Lagrangian derivation of the
above equation, due to the presence of the square root, some terms contain v/ R2 — 6G in the
denominator, but this quantity is vanishing on the dS solution. An alternative and equivalent
way to arrive at the same result is to verify that the condition (B9) is not satisfied.

For p generic and for k not vanishing, equation (G0 appears intractable. Thus, at first

2

order in the small parameter pi = 75, we find
c

o))

Let us take the simplest case w = —1, namely p = po. The solutions of the equation above
read,

a(t) = cosh[Hot], k= >,

a(t) = sinh[Hot], k= —p, (69)
where
2
_ Po -1
1 I 2 (po Pc) pi
HQ:-(PO—— ; =——"||lpo——)+1| , 70
0=3 e H 3 e (70)
2
where we have taken into account that (po - Z—‘;) > 0. Thus, for positive curvature k we

obtain a bounce solution, while for negative curvature we get a singular Big Bang solution at
t = 0. As in the cases of ([23) for mimetic gravity J* is not a constant and we do not have
the dS solution.

For the general case w # —1 we observe that Eq. (68)) may be written as

a® = Ala(t)], (71)
with
1 1 g 4k _ _
A(a) = = | poa 1-3w _ gz PO -4 6w 4 Po (@a 6(wt1) _ 41 Sw)] ) (72)
3 Pec Pe Pe

Making an expansion around the critical point A(a.) = 0, we find, for small ¢, a(t) ~ a.+A) t*.
As a result, when a, > 0, and A, > 0, we may have finite regular FRWL cosmological
solutions, as shown in the previous Section.



4.2 Other Non-Polynomial gravity models

Consider another example for any k, which generalizes the model firstly considered in Refs.
[35] [36] for k = 0. The model is defined by the action

R
1= /d4x\/—g [5 + %\/(—VHR)Q + 1. (73)
On a non flat FLRW, up to an integration by part, the gravitational Lagrangian reads
L = —6ad” + 6ka — 6aka — 3aa® . (74)

The variation with respect to a with the matter contributions leads to the generalized second
Friedmann equation,

2H +3H” + % +3aH(H> + H) = —p. (75)

In the case k = 0, and provided that p = po constant, the dS solution in the flat patch exists.
However, for k # 0, the dS solutions appear problematic. This fact is confirmed by the first
Friedmann equation in the case k # 0. As usual, by covariance, the Friedamnn equation can
be obtained making use of matter conservation equation, and reads

k

2 3 2 2
3J°—=3aH =p, J°=H +§.

(76)
In the case k = 0 with constant energy density p = po, the dS solution in the flat patch exists,
but for k£ # 0 non-flat dS solutions do not exist.

Another similar example contains the GG invariant, namely
4 R «

The variation of the associated Lagrangian with respect to a leads to the generalized second
Friedmann equation

: k : 2k
2H + 3H? + — + 3aH® + af <5H3+—3) =-p, (78)
a a

from which it is possible to infer the first equation by making use of the matter conservation
law,

k

a?’

3J° + aH <3H4+z—§> =p, JP=H+ (79)

Again, for k = 0, the dS solution in the flat patch exists. But, for k& # 0, again, the dS
solution does not exist.

In these two cases, as for the previous F(R,G) example involving a non analytical choice
of F', we may understand the trouble with dS solution observing again that the non analicity
present in the Lagrangians, in a covariant derivations, leads to variations containing denomi-
nators which are ill defined for the dS case.

5 Horndeski models

We continue our investigation concerning Lagrangian models in FLRW space-times with an-
other well known class of of scalar-tensor model admitting second order equations of motion
in arbitrary space-times: the so called Hordenski models.

5.1 An example of Horndeski model

In this section we will investigate only a reduced sector of Horndeski in vacuum. The action
of this sub-sector is

I= /d4x¢jg (% +aG" 0,606 — %3;@3% - V(¢)) : (80)
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This model has been studied without the potential in Refs. [53] [64]. The associated La-
grangian, rewritten in coordinates using the metric (IH), reads
ad2 ©9 ka ad2 332 3
L:*6T+6k)NG+6OL¢ (W+F)+NG¢ —2Na V(¢) (81)
Making the variation with respect to N(t), and considering N = 1 after the variation, gives
the generalized Friedmann equation

. 1.
3J% - 3ad® (J® +2H?) = §¢2 + V(). (82)
Moreover, performing the variation of the Lagrangian with respect to the field ¢ we obtain

the equation of motion associated with ¢,

% [a3(1+6aJ2)<i>] =—a

3dV
@
The above equations are in agreement with the non flat FLRW Hordenski equations in Ref.
[49].
Note that performing an additional variation with respect to a we can obtain the second
generalized Friedmann equation. However, this equation simply follows from the two above

equations (82) and (83)).

When the potential is constant, i.e. V = Vp, we have

¢
ad [1+ 6aJ?]’

(83)

b= (84)
where C' is a constant of integration.

We want to investigate the existence of dS solution. Firstly, we consider the k = 0 case,
and make the Ansatz a(t) = e, H = Hy = Jy and J? = JZ = H3. Thus the equation of
motion of ¢ becomes

; C —3Hot
= . 85
® = T 6amz” (85)
If C =0, and choosing 3H2 = Vi, we have a flat dS-like solution.
On the other hand, if C' # 0, we may satisfy the equation ([82]) imposing a < 0 and fixing

1 1
H=-—— = —.
0 18« o 6 (86)
For k # 0, the invariant, J? is not the equal to HZ , and we have
. 1.
3J% = 3a¢® [J? +2H?] = §¢2 +Vo. (87)

As a result, we still have the dS like solution when C' = 0. But for C # 0, the dS solution
does not exist.

5.2 Another example of Horndeski model

Another example we propose is the following Horndeski model,

I= / dx4\/fg{§ _ Ou00"¢ +a/2|X|R
M

2
v CORICAOI AR (58)
2lx| X
which corresponds to G4(¢, X) = ay/2|X| with 2X = —0,,¢00"¢ in the general formulation
of Horndeski action. In what follows, we assume to deal with a real field, i.e. ¢* > 0, in the
FRW space-time. This model has been studied in Refs. [55] [56] in the SSS space-time and,
when the potential of the field vanishes, admits the Reissner-Nordstrom solution, such that
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the a parameter plays the role of the charge. By assuming (5] the associated Lagrangian

simply reads
-2

— g% L oBar o NG j
L=-3 N +3kN+2Na ¢° — Na’V(¢) + 6akad . (89)
The field equations are derived as
2 ¢
3J° = 5 +V(¢), (90)
. 20k - h2
2B+ H) + P+ 2= T 4 v(g), (o1)
while the continuity equation for the field leads to
. . 6aHk
S+ 8HG + Vo = =22, (92)
namely
d . 3 2y dV 3
p (¢pa” + 3aka™) = d¢a . (93)

Clearly, in the case of £ = 0 we recover GR, but when k # 0 a new contribution appears in
the field equations. When V = 0 we have

Oy
¢:¥*Ty (94)

and when Cy = 0 we get the dS solution only if k = 0.

6 Lovelock gravity and its variants
In this section, after a brief review of Lovelock gravity, we will show that the problematic
issue associated with the dS solution in all dS patches is not present within this model.

6.1 Review of Lovelock gravity
The Lovelock gravity action in the case D (> 4) reads

[n/2]
1 D
I= dz”™/— L Imatter, 95
167Z'GN/ T g I;} o) Lp) + tt (95)

1 U] - o
Ll =g Ot B R R, (96)
The § stands for the totally anti-symmetric products of the Kronecker deltas, normalized to
take values 0 and +1 [5], and it is defined by
H1Bp s w
Opr-py 1= p!5[p11 ---6’7;’]‘ (97)
The o) are coupling constants with dimension (length)ﬂp*l). We can choose a ) = —2A,
where A is the cosmological constant.
Explicitly, the first terms of the Lovelock gravity action are

L) =1,
ﬁ(l) Z:R,
L) :=R® = 4R R" + Ryupo R . (98)

In even dimensions, the contributions to the action of the D/2-th order and above Lagrangians
is null, as these Lagrangians become topological invariant and does not contribute to the field
equations. In other words, the variation of these terms with respect to the metric gives a total
derivative which does not contribute to the equations of motion.

For instance, for D = 4, L3y = G is the Gauss-Bonnet topological invariant which does not
contribute to the field equations. Moreover, the higher order terms do not contribute to the
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field equations. Therefore the action reduces to Einstein-Hilbert action plus a cosmological
constant.
The equation of motions for any D (> 4) are

Guw =8nGNT ., (99)

where T, is the energy-momentum tensor for matter fields obtained from Imatter and

[n/2]
Guv =D ampGiE) (100)
p=0
(p) ._ 1 w1 mpCre-C o pPpo
G = = s O e Ry T Ry (101)

The tensor G%) is given from Lpy- G'E) = 0 is satisfied for p > [(D + 1)/2]. Note that we
obtain

2p — D

Gﬂ(ﬁ) = 3

L. (102)
It is easy to show that the equations of motion are second order partial differential equations,
since only curvature tensors appear. In fact, we have

1
GELOU) = - 59#1’ 3

1
G =R, — 5 Rouv

1
GE?V) = 2 <RRHV - QRHPRPV - QRPURHpUU + R‘Lpo’yRypo'y) _EgHVL(Q) . (103)

6.2 Lovelock gravity in non flat FLRW space-times

The first Lovelock-Friedmann (LF) equation of motion in a generic FLRW space-times reads
I50)

(D/2]

87TGNT00 = Z ﬂ(p)JQ(t)(p), (104)

p=0
where the constant coefficients /3, are proportional to the a,. The other equation can be
derived by the above equation, as in GR, by taking into account of stress energy matter
conservation

p+3H(p+p)=0. (105)

A remark is in order. The LF equation depends only on the SSS invariant J(t) = H?(t) +
k/a®(t). As a consequence, when there is a non-vanishing positive cosmological constant or
a constant matter density, there exists the de Sitter (dS) solution, namely the solutions for
the three dS patches corresponding to £ = 0, k£ > 0 and k < 0 are explicit solutions of the LF
equation.

Obviously, in D = 4 the situation is trivial, since Lovelock gravity reduces to GR plus
cosmological constant. We will come back to Lovelock gravity in the next subsection, but in
a different contest.

6.3 A degenerate Lovelock gravity in D =4

As already mentioned, in D = 4 the Lovelock gravity is essentially GR. In order to go beyond
GR in D = 4, we make use of an approach, discussed in Ref. [51] and reference quoted
therein. The key idea is to start considering a Gauss-Bonnet-Lovelock gravity initially in D
dimension. Then, making use of a particular choice of the Gauss-Bonnet coupling, we may
take the limit D — 4. Recently the issue has been reconsidered in Ref. [52].

The starting point is the following particular modified F(R,G)-model in D > 4 which
belong to Lovelock class,

_ ! Dy ( B _on_ P
171671'GN/d v/ g<2 2A D_4G>+Im. (106)
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Thus, working in a non flat D-dimensional FLRW space time and then taking the limit D — 4,
we obtain
3J%(t) — A —3BJ%(t) = p, (107)
which generalizes the equation obtained in Ref. [51] for & = 0. In this degenerate Gauss-
Bonnet-Lovelock model, the dS solution exists in all patches, as soon as p is constant or
vanishing.
For generic p, we find

g= [1— 1—ﬁ(/\+p) A (108)

Thus, there exist bounce solutions for this model in FLWR space-times.

7 Conclusions

In this paper, we have investigated some extended or modified gravitational models in a
generic non flat FLRW space-times. We have shown that, apart from GR, Lovelock gravity
and reduced Lovelock gravity, the generalized Friedmann equations related to these modified
extended models admits pseudo dS solutions, namely only for the flat FLRW case, the metrics
look like the flat dS patch, but for positive and negative spatial curvature, the related solutions
are not dS ones. In some cases, this issue has been identified with a singularity in the
variational procedure, due to the non analyticity in the Lagrangians.

One of the motivations to deal with such models is the fact that the generalized Friedmann
equation for k£ = 0 admits as a solution a cosmic bounce, a non singular cosmological solution,
which avoids the Big Bang initial singularity present in GR. We presented an effective La-
grangian derivation based essentially on a mimetic extended approach and a modified gravity
approach based on a specific choice of F'(R, G) model.

The modified Friedmann equations obtained by these two approaches are quite different,
they however give the same modified loop-cosmology Friedamnn equation in flat FLRW space-
time. The presence of non vanishing FLRW spatial curvature drastically changes the modified
Friedmann equation, and dS space-time is not a solution of these equations. In some cases,
when k£ < 0, and w = —1, a Big Bang singularity is present.

Thus, in order to “solve” this pseudo dS issue, it is tempting to make the following Ansatz.
Let us consider as effective Friedmann equation the following one

of
6J°(t) — f(J?) — J== = 2p. 109
(0~ F(7*) — T =2 (109)
As a consequence, this equation depends only on the invariant J2. As usual, making the
choice

f(J3 =6 + (11_3 [1 —V1—a2J? — aJ arcsin [aJ]] , (110)

we arrive at the modified Friedmann equation

3J2=p (1 — ﬁ) , where Pec = 1—3 . (111)
Pe o

This should be the generalization of the £ = 0 QLC modified Friedmann equation, valid for
non vanishing curvature, since this equation, for & = 0 reduces to the one already known,
and the above equation, admits dS solutions for all patches. Furthermore, for o small, gives
corrections to the GR, and may admit regular bounce solutions.

This may be seen for specific choices for the barotropic parameter w. In fact, for w = —1/3,
we obtain the symmetric bounce solution

2 2
Po (po — 3k)t :|

=a(t)? = , 112

y=alt) [Pc(ﬂo — 3k) 3 12
where we assume po > 3k.

Another choice is w = f% In this case, the symmetric bounce reads
2
po 3k po t2>
t)=a(t)’= (= +=+ : 113
) =ate = (2 + 24 2 (13)
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in which Z—‘: + % > 0. Note that in this case, we have a symmetric bounce also in GR as soon
as k> 0.
For 0 < w < 1, it is not easy to have an exact and explicit solution, but we may again

start separating the variable in equation (ITI) with y = a*

by _y (114)
VY ()
where we have used the matter conservation law and put
Y(y) = 4% |:y1/2—3w/2 __ pPo y—(1+3w) _ 3ky ) (115)
pe po

If k is not vanishing, this integral is only exactly computable only for w = —1/3 and w = —2/3,
as reported above.
Furthermore, making an expansion around the critical point Y (y.) = 0, namely

y3/2+3w/2 _ %y3+3w Po

* =—, 116
o o (116)
we obtain again the approximate solution valid for small ¢
1 —1/2-3w
y(t) = o 4 | LEL0 r/omswrz oy g] g2 (117)

2 *

Above, y. is solution of the transcendental equation (II6). It is easy to show that for w =
—2/3,-1/3, we get the approximate solution related to the exact solution found before.
Furthermore, for k¥ = 0, we obtain an approximate result compatible with the exact well
known solution.

Thus, from equation (II7)), we conclude that we have to deal with a regular symmetric
bounce as soon as y« > 0 and

(14 w)po gVl g

5 ; (2+3w)| >0. (118)

For example, for p < p. and for k > 0, we obtain a regular symmetric bounce.

Finally, the solutions we found can be roughly constrained with data coming from the
Planck experiment [2]. In particular, we can estimate the value of the critical density pc, in
the inflationary cases only. In fact, we know, from the Planck experiment, the upper bound
of the Hubble parameter during inflation (in our units system)

H? <107, (119)

Therefore, since p. < 1/ a?, and in our models we always require, from the proposed definition
of f(H), H*> < 1/a?, we can make a rough estimation of p. > 107'%. To obtain more precise
constraints, in principle we should check our results against the main inflation perturbation
observables (spectral indices, tensor to scalar ratio, etc..). However, this analysis goes beyond
the scope of this paper and might be an interesting starting point for future works.
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