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1. Introduction

Most of the equations of motion describing physical effects are second order, that is we need to specify
either an initial and a final position in space-time to describe the dynamics between them or we need an
initial position and velocity to describe how the system will evolve. Concerning general relativity (GR),
for which the gravitational field g,,, () is encoded into the geometry of space-time:

ds® = g, (x)datdz” (1

the Einstein field equations, describing the dynamics of the geometry, are also second order ones.
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However, it is well known that two of the simplest solutions of GR, the Schwarzschild metric and the
Friedmann—Lemaitre one, suffer from the existence of singularities. When one is dealing with ordinary
matter, this is a general fact. Furthermore, this theory alone is not able to describe dark energy, even
though the inclusion of a suitable cosmological constant is sufficient. However, then, other problems
arise, like the cosmological constant one [1] and the coincidence problem. Therefore, one can think
about modifying the Einstein equations, in the hopes to describe dark energy and to cure singularities.
In order to do so, one can add higher order invariant scalars, like R, R*, to the Einstein—Hilbert action
to have high energy corrections that could describe what really happens around the singularities [2,3].
With regard to the dark energy issue, see [4-9].

Within a higher order modified gravity model, the equations of motion will no longer be second
order ones: there will be more than two initial conditions to specify in order to find the dynamics; so
to keep the physical sense of what is an equation of motion, it is necessary to introduce new fields to
which these additional initial conditions would apply, such that at the end, the theory would involve at
least two dynamical fields, with second order equations of motion for all of them. By doing so, we
face an important problem, that is the presence of Ostrogradsky instabilities (see, for example, [4]): the
new field defined in this way can carry negative kinetic energy, such that the Hamiltonian of the theory
is not bounded from below and can reach arbitrarily negative energies, which would make this theory
impossible to quantize in a satisfying way [4]. Additionally, there are no general rules to avoid this
problem, although a well-known class of modified gravity, equivalent to GR plus a scalar field, the f (R)
one, might not suffer from this problem [10].

Moreover, with a new field involved in the dynamics of gravity, this last one would not be a
fully geometrical theory anymore, which is yet one of the most important implications of general
relativity. Nevertheless, it is possible to find second order equations of motion from the addition into
the Einstein—Hilbert action of higher order scalars [11]. In this way, the Ostrogradsky instability may
be avoided, and there are no additional fields involved in the dynamics, so these corrections can be said
to be “geometrical” ones. These kinds of modifications are the Lovelock scalars, but it turns out that in
four dimensions, the only higher order scalar made of contractions of curvature tensors (only) that leads
to second order equations [11] is the so-called Gauss—Bonnet invariant:

E1=R? —4R,3R*® + R ,°R*™, 2)

aBy

which is however a total derivative in four dimensions [12], and then, it does not contribute to the
equation of motion:

V=91 = 0a ( — /g e epgvruﬁp(%RM; - %FM‘TFV(;A)) . 3)

This result is background independent, which means that if we want to find a second order
correction for all possible metrics in four dimensions, then this unique term does not contribute
to the dynamics. That is why, in order to find significant corrections to general relativity that
could cure some of its problems, we will search for additional terms that will give second order
equations for only some specific metrics: the most studied ones, which suffer from singularities, the

Friedmann—Lemaitre—Robertson—Walker (FLRW) space-time describing the large-scale dynamics of
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the universe and the static spherically-symmetric space-time describing neutral non-rotating stars and
black holes.

We note however that our way to find second order corrections is not at all the only possible one.
There are other formulations of GR than the metric one, where the equations of motion are found by
varying the action with respect to the metric field only. In the spirit of gauge theories, one can also
vary the action with respect to the connections and independently with respect to the metric. Then, it is
possible to find second order corrections with no a priori background structures [13].

In some sense, our approach is similar to Horndeski’s theory, which is the most general one leading to
second order equations of motion for gravity described by a metric g,,,, coupled with a scalar field ¢ and
its first two derivatives [14]. This theory involves non-linear higher order derivatives of the scalar field,
like (D¢)2, and yet leads to second order. Moreover, if all of the matter fields are minimally coupled
with the same metric g,,, (gm,, qﬁ) , one can expect the equivalence principle to hold [15], which is also a
fundamental feature of GR that one wants to keep.

Briefly, the outline of the paper is as follows. First, we consider all of the independent scalar invariants
built from the metric field and its derivatives, for example of the form (DR)Q, and see if some linear
combinations of them or, in the spirit of [16] and [17], if some roots of these combinations could
lead to second order differential equations for FLRW space-time and the static spherically-symmetric
one. The basis of the independent scalars that are needed has been presented in [18], but for specific
backgrounds, we will show that this basis may be reduced. Furthermore, we will start to exhibit, order
by order for FLRW, the existence of polynomial and non-polynomial gravity models that give second
order equations and polynomial corrections to the Friedmann equation. Finally, we will investigate the

static spherically-symmetric space-times.

2. Order Six FKWC Basis

The basis of all independent invariant geometrical scalars involving 2n derivatives of the metric are
separated into different classes, depending on how many covariant derivatives act on curvature tensors.
For order six (n = 3), the first class, which does not involve explicitly covariant derivatives, from £; to
Ls, is denoted by Rgg: these scalars are built with six derivatives of the metric and by the contraction
of three curvature tensors. The two other classes, R?ZO} and R?Ll}’ contain scalars that involve,
respectively, a curvature tensor contracted with two covariant derivatives acting on another curvature

tensor (from .7 to .Z);) and two covariant derivatives, each acting on one curvature tensor (from %5
to %3):

El = RMV&BR&BUPRW)/W ) £2 = R#VocﬁRaUupRﬁplm
Ly = R™PR,5,R°, | Ly=RR"PR,.; = RT
L5 = R"PR, R, , Lo=R"R,R°,
Lr=RR"R,, =RS , [s=R
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% = ROR . % =R, OR™
% = RSV, VR, , L= R"V,V,R
L5 =V R,VRY | % =V,R, V'R

L = VoRasVI R | L =V,RV°R

Recall that our aim is to see that if we consider all of these scalars, there are quite natural modified
gravity Lagrangian densities that we can expect to lead to second order equations of motion and that
actually do. There are linear combinations of all of the scalars of the basis, but also, for example, the
square-root of the R?Ll}—class or cubic-roots of the Rg:, one, even if we are not going to study this last
one because we search here for high energy geometrical correction to the Einstein—Hilbert action. We
write down this fact as:

2= (R*+RYVR+VRVR) +/>_ (VRVE) + /3 (R?),

Because inside the same class, the scalars have approximatively the same terms in their expansions, we

can indeed expect to cancel higher order derivatives for some specific combinations of them and then to
have second order equations of motion.

Now, let us write down some definitions that allow us to find relations between these scalars, coming
from the fact that we are going to restrict our study to specific backgrounds, the FLRW metric and the
static spherically-symmetric one, both in four dimensions.

For both of them, there are relations between the scalars coming from the Lovelock theorem (that
are not taken into account in [18]) and, also, for FLRW, relations coming from the fact that this is a
conformally-invariant flat metric. All of these relations are written in the Appendix A.1, and we need to

express them to define the Weyl tensor, as:

1

1
Wuuaﬁ = Ruuaﬁ - E(Ruaguﬁ - R,uﬁgl/oz + Ruﬁgua - Rl/aguﬁ) + g(guaguﬁ - guﬁgua)R- (4)

Additionally, the following rank two tensor is null in four dimensions because of the Lovelock theorem:
1
L = =591+ 2Quy — 4B + 4R, Ray + 2R Ry, = 0, &)

where ), = Runaﬂ RV"QB and P, = R,,R",. Indeed, if we vary the Lagrangian associated with the

Gauss—Bonnet invariant with respect to the metric field, we find:

5(vV=9&1) =v/—=9 69" L. (6)

However, as we saw in Equation 3, this Lagrangian can be written as a total derivative in four dimensions,

which means that its contribution to the equations of motion is identically zero.
3. Friedmann-Lemaitre Space-Time

3.1. Order 6

We start with the Friedmann—Lemaitre cosmological metric describing the dynamics of the universe
at a very large scale, in the simplest manner:

ds* = —dt* + a(t)?(dr* + r*dQ?), (7
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where a(t) is the scale factor and d)? = df? + sin® § d¢? is the metric of the two-sphere. This metric is
conformally invariant, and from the relations written in the Appendix A.1, we can choose the following
reduced basis of all independent order six scalar invariants: (L4, Lg, L7, 21, L3, L5, Z3). We note that
there is one scalar less than for a general conformally-invariant space-time coming from the particular
metric of FLRW for which there is the additional relation:

1
61:5(—£7+2L‘4). (8)

3.1.1. Linear Combination: H% Correction

With this metric, we can right the most general order six linear combination of all of the
independent scalars:

J = Z (Uiﬁi + xZZ)
o (Ul(”’ £2) ()" + 0a(vi,2:) at) at)* a(t) + oa(vi, ) a(t)® al)? a(t)”

+ ou(vi, ;) a(t)® at)® + o5 (v, ;) a(t)® a(t)? a® (t) + o6(vs, ;) a(t)® a(t) a(t) a(?’)(t)

+ o7 (v, 2:) a(t) a® (1) + og(vs, ;) a(t)? a(t)? a®(t) + oo(vi, ;) a(t)* d(t) a? (t)) :

where the expressions of the o; in terms of (v;, x;) are presented in the Appendix A.2. Setting all of
them to zero allows us to check that our list of scalars is a basis. We can then impose v; = vy = v3 =
vs = Vg = T9 = T4 = Tg = o7 = 0 to take into account the algebraic relations that we have found.

Moreover, in this section, we are interested in linear combinations of order six scalars that lead
to second order equations of motion. Therefore, we can also consider equivalence relations (up to
boundary terms) between the scalars, and there are three of them that remain after considering the
previous algebraic relations:

1
/d4x\/—g,§f3 =7 d*z/—g L ; /d4x\/—g$1 =— /d4x\/—g 25
and
1
/d4x\/—g,,§f5 = /d4x\/—g (2% +3L4 — 12L6 + L7).

We check that there is no other one by deriving the equations of motion for the scale factor considering
the Lagrangian L = a(t)3 .J, which we substitute into the generalized Euler—Lagrange equation for third
order Lagrangians:

d® ; OL d*> /0L d /0L oL
)+ ) - )+ o
dt? \ 9a(®) dt? \ 0a dt \ 0a da
Finally, we only need to consider the combination:

J = U4£4 + U6£6 + ’U7£7 + :cg.,%,
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and after deriving the equation of motion and imposing a simultaneous cancellation of the higher order
terms, we find that there is only one linear combination leading to second order equations:

Ji = —TLy+2(6L6 + L7) = T2H (1) <3H(t) + 2H(t)2> , (10)

where H(t) = a(t)/a(t) is the Hubble parameter. We note that this linear combination only involves
contractions of curvature tensors, which are the kinds of corrections expected to follow from quantum
field theory. Therefore, considering the following action that could represent a natural high energy
geometrical correction to the Einstein—Hilbert action for the FLRW space-time,

1
Si= /d4x\/—g (m—w {R + 1/( — TRR"™ Rya5 + 12 R* Ry R®, + 2 RR"™ R,,, ) ] + $m> (1)

where %, is the Lagrangian density for matter, one finds the acceleration equation:
3H(t)? + 2H(t) — 36 v H(t)* (H(t)* + 2H(t)) = —87p, (12)

where p is the cosmic pressure. Then, the equation of the conservation of energy, with p the cosmic
energy density,

%+3H(t)(p+p) =0, (13)

gives the following modified Friedmann equation:
3H(t)* — 36 H(t)" = 8mp. (14)

One can solve it and choose only the solutions that reduce to the standard equation when p is small.
However, the only solution we are going to see in this work for FLRW space-time is coming from a
non-polynomial correction involving order eight scalars; but, the fact that S; is unique and second order
could be a sufficient reason to study its cosmological solutions.

3.1.2. Non-Polynomial Gravity: H? Correction

Now, we want to consider all of the order six linear combinations that are perfect squares, in order to
consider non-polynomial corrections that are the square-roots of these squares. Rewrite the most general
linear combination in terms of the Hubble parameter H (t):

T=> uli+ Y x.%

=3 (51(%, ;) H()® + Golvs, ) HE) H(t) + Fa(vs, ) H(E)2H (1)

+ o7 (g, 23) H (1) + Gg vy, 2;) H(t)*H® (t) + o9(vi, x;) H(t)H(3) (t)) .

To find squares, we use the following general procedure that is useful for FLRW space-time and

necessary for spherical symmetry: Take the higher order perfect square H (t)%. In the expansion of our
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square, each term will be multiplied by H (t), so that the only terms that can enter inside are those K;(t)
for which K;(t)H (t) and K;(t)K;(t) exist in the expansion of order six scalars. Because of this, we
need to impose the conditions: g9 = 0,03 = 0 and o4, = 0, which give z; = z3 = 0 and
v; = —vy — Hug/12. Therefore, o5 = 0, and there are only two possible forms of squares made of order
six scalars:

S (viki+21.2) = (SHOA@®) +1H @) |

1,J
and:
, _ 2
3 (uli+0,.%) = <5H(t) + 5H(t)H(t)) .
1,J
This means that all of their square-roots can be decomposed in the basis (H(t)%, H (tYH(t), H (t)).
Moreover, the general Lagrangian density:

> (vl +x.%) = CH(t) + SH(H)H(t) + vH(t)? | (15)

leads to second order differential equations for all (5 ,0, 7), so we do not need to impose additional
conditions on these coefficients, and there are then only three independent second order corrections that
we can find in this way.

Now, let us see what are the actual perfect squares that one can find. Solving the natural conditions
for respectively the first and the second kind of perfect squares, 05 = 4030, , 06 = o7 = 0 and
5% = 40307 , 01 = 09 = 0, one finds the following ones:

2
Jy =2L4+ 12L — TL7; = —T72 (4H3 + 3HH> :
Jy = (6[24 —12L6 — £7>a(5a +183) + 6(a +33) <a.,§,ﬂ5 + ﬁ.;zﬂg) (16)

=72 (3(a + 4BV HA)H(t) + (a+ 36)H(t))2 .

the last one being a general formula that gives perfect squares for any value of (a, B). As we just saw,
there are only three independent square-roots of these squares, so from the general expression J3, we
can choose the two last to be the squares given by (a =0,8= \/5/6) and (a =1,0= O):

Jor = Lo = —36 (4H(t)H(t) + H(t))2, (17)
and
Jyo = (6.,2”5 +5(6L4 — 12L5 — &)) — 72 <3H(t)H(t) + I{r(t))2 . (18)

Indeed, one can check that the following combination, with ¢; the signs inside the squares,

Vo €0V —Jg + 14 €11/ —J371 + 19 €24/ —J372 :6<3\/§ (O./ + 45) g € + 4V1 € + 3\/§V2 €2>H(t)H(t)

+6(V2(a+38) me+ me +V2me) )
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vanishes for vy = —avyeg/ey and vy = —3\/§6V060 /€1, and so, the relation becomes explicitly, for all
value of («, ):

_ [<6£4 —12L6 — £7>a(5a +183) + 6(a + 33) <a$5 + 5»%8)]

_ 352‘/5\/—5 = %\/— (6.2 +5(6£4 — 12L5 — £7) ) = 0.
Therefore, this general formula for perfect squares depends only on \/—Js1 and y/—J5 5, as we said.

We note here that an interesting property coming from the existence of an infinite number J3 (a, 6)
of perfect squares for which the square-root can be decomposed in a small basis is that it gives some
non-linear algebraic relations between the scalars of the FKWC basis that reduce it in a non-trivial way
and allow one to have a very small number of independent corrections. Indeed, solving the previous
equation for £, we find:

1

£4:ﬁ

(=99 + 2.4+ 108Ls + 97 — \/ L1824 — 5.4)e1). (19)

We can now calculate the equations of motion for the three Lagrangian densities \/—Js, \/Tgl
and \/ng First, one can check that the last one is in fact a topological term that does not bring
any contribution to the equation of motion. Moreover, the first two Lagrangian densities give the same
equation of motion, 54 a(t)i(t) = 0 for the first one and 18+/2 a(t)i(t) = 0 for the second one. This
means that they are equal up to an invariant scalar U for which v/—gU is a total derivative,

\/— (254 120, — 757) - %\/—,%8 U, (20)

such that we can in fact consider a unique scalar (let us choose v/—.%%) made of order six scalars
that leads to non-vanishing second order differential equations. We can note that U cannot be equal
to y/—J32 because \/—.J, contains H? terms. Therefore, U could be found considering higher order
derivative scalars and other perfect powers; in this case, powers of four for order 12 scalars, for example.
There is then another non-linear relation between order six scalars and (possibly) order 12 ones.

Finally, to recapitulate this part, we have found that it is natural to consider only one perfect square
made of order six scalars: %3 = V7RV, R. As a result, the action:

Sy = /d4:17\/—_g (% {RJFV\/—VURVUR} +$m>, (21)

leads to a unique second order H3-correction to the Friedmann equation, as is easy to see using the same
reasoning as in the previous section.

3.2. Order Eight

Now, let us study the linear combination and squares made of order eight scalars that lead to second
order equations of motion. We do not copy all of the FKWC basis for the general metric, but we name
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the scalars according to their position in [18], where this basis is fully written. The reduced FKWC
basis for order eight scalars in FLRW space-time is the following:

( ICl - R4, IClo - RHVRQBRUPMQRUWJB, ICU == RRHVCYBRMUOCPRVUIBp == R(%El - [,2)
Ki2=T2 M,=RIO?R, M,=R,V*V'OR, Ms=R"R,,
M; = V*ORV,R, Mg =V,V,V,RV*R"™ M = (OR)’, My = V,V,RV'V'R

My = VEVYROR,,, My =V, V,RsVIV'R¥  Mig=RLA, My=RYZ

| My = SOR, M3 =R.%
We also introduce the definitions g = R“”RQMRVB"”RWBQ, Mz = OR,OR"™ and M =
V..V, Ros VPV R¥ that will be useful later for static spherically-symmetric space-times.
3.2.1. Linear Combination: H® Correction
Consider the sum of all independent order eight scalars for FLRW space-time:
J = ZUZ/CZ + Z{L‘ij

Here, we follow exactly what we did for order six scalars. We derive the equation of motion
associated with the previous sum and see what conditions on (v;, ;) cancel the equation, such that
we find the 10 equivalence relations that exist between the scalars of the reduced basis. Therefore,
we can consider only the following independent scalars with respect to the equation of motion,
(/Cl, Ko, K11, K12, M1, My, Mlg) and the reduced sum:

J = Z ’UZ'ICi + .Z'j./\/lj .

i=1,10,11,12 j=1,11,12

We derive its associated equation of motion and see what a simultaneous cancellation of all of the higher
order terms implies for the coefficients (v;, ;): we find that the unique linear combination of order eight
scalars for FLRW space-time that leads to the second order equation is:

Ji= Ky — 48Ky — 9K = 1728 <H8 i 2HH6>. (22)

Therefore, one may consider the action:
1
Ss = / d'z/—g (E [R + I/<R4 — 48 RR*™*R /7 PRypp, — 9 (RMVWRW[;)Q) } + i%) . (23)

and see that it brings an H® correction to the Friedmann equation. We note that this correction involves

only contraction of curvature tensors, like for the order six case.
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3.2.2. Non-Polynomial Gravity: H* Correction

Correction to the Einstein—Hilbert Action: To find non-polynomial second order models from order eight
scalars, we follow exactly what we did for the order six and find the same kind of result: there are only
two classes of perfect squares in this case. Those for which the square-roots give topological scalars,
which does not give any contribution to the equation of motion, and a class of equivalent scalars with
respect to the equation of motion, up to the topological scalars of the first class. Therefore, in this case
also, we can consider a unique perfect square that contributes to the dynamics.

To begin, the more general square made of order eight scalars has the form:
(cH(t)* + BH(£)2H(t) + v H () + SH(H) H (t) + o H (1)),
Additionally, its square-root gives the following equation of motion:
(= B+ + 20 — 60) at)? (a(t)2 - 4a(t)d(t)>
+ (7= 6+ 30) a()? (3(1)* + da(t)a® (1) + 2a(t)a® (1)) = 0.

Following the section concerning order six, we can say that there are five independent contributions
made of square-roots of order eight scalars, but in this case, there is also one condition to impose on
(a, B,7,9, 0) in order to have second order equations of motion. Therefore, there will be only four
independent contributions, and we can choose them to be:

Vs = /—38K, — 244810 + 2400K1; + 1086K 10 — 143Mag — 220M 1, + 792Ma2 + 88Mys — 352 Moo
= 6v/33 (3H(t)H(t) +HO (t)) :

Es=1/ (54)2 = \/%\//cl — 144K 10 + 48K 11 + 27K 12 = 24 H(t)? (H(t)2 + H(t)) , (24)

OR = /My = —6 (12H(t)2H(t) FAH(6)? + TH)H () + H<3>(t)) :

Vs = \/— (5/c1 +9(8K10 — 32Ky — 7/c12)) = 12V66H (t)2H (1),

where only the last one gives a non-vanishing contribution to the equations of motion. We note that,
of course, because there are much more perfect squares than the previous ones, the fact that they form
a basis gives once more some non-linear algebraic relations between the order eight scalars for FLRW
space-time and reduces the already reduced FKWC basis. However, it is not the aim of this work to find

all of these relations. We focus here on the unique modified action with respect to order eight scalars:

1
Sy = / d'ay/—g (ﬁ [R + y\/ —5R* — 9<8R/‘”R0‘5R0”WRUW5 — 32R RS R,%# Ryosp

_ 7(leaﬁRlWaﬁ)2 ) } + cfm> . (25)

Correction to the Friedmann Equation: From this action, we get the acceleration equation:

3H(1)? + 20 (t) — 60v/6G6H ()2 <3H(t)2 + 4H(t)> — —87p. (26)
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In analogy to Equations (12) to (14), this last modification leads to an H* modification of the Friedmann
equation. Now, we are going to see that this unique correction is very interesting regarding the problem
of the Big Bang singularity, as was shown in [17]. It is convenient to introduce the dimensional quantity

pPe, critical energy density of the universe and the constant parameter ¢, such that:

* — —2V66. @7
8Tpe
Thus, the modified Friedmann equation induced by the action Sj is:
9H (t)*
3H(t)* + ¢ OH(Y)” _ 87p. (28)
8T pe
The solution H(t)? that reduces to the standard Friedmann equation in the limit when p. goes to
infinity is:
4mp. 4
3H(t)? = 2L (—1 TR i 1) . (29)
€ Pe

Furthermore, if the energy density of the universe is small compared to the critical one, p < p., this
equation becomes:

(1 = 2P (1-¢2)+ 00, (30)

3 Pe

Choosing ¢ = 1 gives the loop quantum cosmology correction to the Friedmann equation [20], and
choosing € = —% gives the Randall-Sundrum brane world model [21]. These two corrections are regular
cosmological solutions and allow one to avoid the Big-Bang singularity [17,20]. One should also note
that the above equation may be obtained within other approaches (see [22,23]).

4. Static Spherically-Symmetric Space-Times

In this section, we study static spherically-symmetric space-times, defined by the general metric:
ds® = —B(r)dt* + A(r)dr® + r*dQ*. (31)

First, following exactly the same procedure as for the FLRW case, it is possible to show that there is no
second order linear combination made of order six scalars. The same conclusion is valid for the classes
0 0
R34 and Rg 4.
Now, for order four scalars (and more generally, for all orders, considering only monomials of the

curvature tensor), the result of Deser and Ryzhov [19] shows that the most general second order action is:

Sy = / d*z\/—g <R+ V3o WmebW,,q ) (32)

Moreover, there is no other perfect squares than W hves Wvap and R?. Concerning order four, all of the
scalars that are perfect squares lead to second order equations of motion inside the square.
Now, starting from order six scalars, it is possible to show that there are again only two perfect

squares. Thus, we can consider the action:

Sﬁ = /d4$\/ —g ((5 \V VURVJR + \/gﬁ)/ \V Cuyanya )7 (33)
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here C,,,, is the Cotton tensor, expressed in terms of the Weyl tensor as C),,, = —2V°W .. Its square
may be written in our basis as C***C),,, = 2(% — %) — +%.

In our search for second order differential equations, it is interesting to note that the property of order
four perfect squares is preserved here: these two terms are such that their higher order terms cancel
perfectly, which makes their associated equations of motion second order. For example, the term:

VG VO = VB Ganw»Avaw»Av»B%vavw
(34)
—3r3B(r)2A(r)A'(r)B" (r) — r*B(r)?A(r)B'(r) A" (r) + 2r* B(r)? A(r)*B®) (r)) ,

where X (r, B(r), A(r), B'(r), A'(r), B"(r), A”(r)) is a sum of 15 first order terms (that lead trivially
to second order differential equations), is equivalent, up to boundary terms, to the following first order
expression:

V=g /CC,, = \/_ \/; E <4B(T)3A(T)2 —4B(r)*A(r)® — 5rB(r)*A(r)*B'(r)
(35)
+2r2B(r)A(r)?B'(r)* — ETSA(T)QB/(T)?)) .

Therefore, we have shown first that, up to order six, all of the perfect squares that one can build for static
spherically-symmetric space-times are also perfect squares in FLRW, as we have seen for the case of
V,RV? R, because in this space-time, .., = 0; and secondly, that they also share the property that
their square-root leads to second order equations of motion for the metric field.

These equations, coming from the action Sg for A(r) and B(r), are respectively:

16(7 + 20) B(r)® + 4r( — 57 + 26) B(r)*B'(r)

(36)
+ 4r? (27 + 5)B(T)B’(r)2 + T3( - v+ 5) B'(r)® =0,
and,
8(7 + 20) ( 1+ A(r))A(r)B(rf’ +4r (57 — 26) B(r)3A'(r) — 1812y A(r) B(r) B'(r)2
+87(27+ ) B(r)?( = rA()B/(r) + A() (B'(r) +7B'(r)) ) (37)

+7%(7 = ) B'(r) (5A() B (r)? + 3B(r) (A'(r) B'(r) = 2A()B'(r)) ) = 0.

The first one provides solutions for B(r), so the two equations decouple. We have found real exact
vacuum solutions for three couples (7, §) and have computed their associated Kretschmann scalars
RMPR .05 to see if they suffer from singularities at r = 0.

e Fory=1andé = 0:

2 2
ds? = —kr2 di? + —— dr® +12d0?  and  RM™PR,.5 —
2 H r8

v (38)
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e Fory=0andé = 1:

k Vo 15p% — 2p + 3
ds? = —7,—4 dt® + 15 pr? dr? 4 r2dQ>? and R ﬁRuyaﬁ — 7’—4’ 39)
e Fory=1landd = —3:
2 2 2 2 102 v (p— 1)2
ds® = —k dt +p dr® 4+ r=dS2 and R R“yag — W, (40)

where p and k are integration constants. Note that £ can be set equal to one by the right choice of the
time coordinate.

Recall that the Kretschmann scalar of the Schwarzschild solution of the Einstein equations diverges
as RHeP Ryvep — 1/ r%. Therefore, we see that our first solution has a worse divergence. In the last
case, choosing the initial condition p = 1 provides R***’R,,,,.5 = 0 for all r, so there is no singularity
of curvature, because the space-time is flat. However, in the second case, as for p real, 15p* —2p+3 > 0,
we cannot “cancel” the singularity by a proper choice of the initial condition, but still, the divergence is
milder than the standard one.

Now, let us note that considering only the two order eight classes RS, and Rg,, we have found a
unique perfect square [2[(10 9Ky — My + 2Myy — Mys + AM,, — 4M16] (that is zero in the FLRW
case, so possibly again related to Cotton and Weyl “conformal” tensors), but its square-root does not lead
to second order equations of motion, such that we can conjecture that this property is true only for the
three scalars W W .5, C***C,,, and V,RV° R, without counting the scalars R?, (('R)?, (&,)?,
etc., for which the square-root always leads to second order equations.

To conclude this section, we point out that it would be interesting to find black hole solutions, for
some values of ¢, v and 9, and starting from the following action:

S = /d4x«/_—g (R+ V30 \ /Wb W0 + V37 /CCe + 6 /Vo RV R ) 1)

where the two last terms would be considered as high energy corrections to the standard Einstein—Hilbert
action. In this action, the last two terms are very similar to the first two, present in S;. And we recall
that starting from S5, one can find exact black hole solutions [16].

After finding black hole solutions for some class of the parameters, it would be possible to reduce
the number of physically-relevant values of (a, v, 5), for example by calculating the Wald entropy
associated with the action and the class of solutions, as is done in [24], by imposing the positivity of the

entropy to find some constraint on the parameters.

5. Conclusions

Considering the order six and eight FKWC basis of all independent invariant scalars built from the
metric field and its derivatives, we have found modified gravity models admitting second order equations
of motion for FLRW and static spherically-symmetric space-times.

For FLRW, we have shown that there are unique second order polynomial corrections to the

Einstein—Hilbert action for both order six and eight. They involve only contractions of curvature tensors,
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which is what one could expect to follow from quantum field theory. Yet, concerning static spherical
symmetry, we have seen that there is none.

Some non-polynomial corrections, which are square-roots of the specific combinations that are perfect
squares, have also been studied for FLRW and spherical symmetry for both order six and eight. We have
shown that up to order six, all of the perfect squares lead to second order equations of motion in this
way. However, for order eight, there are squares that do not have this property, for example the one we
have found for spherical symmetry that involves scalars of the 72872 and Rg’ 4, order eight classes.

Moreover, concerning FLRW, we have seen a “mechanism” that provides unique corrections with
non-vanishing contributions to the equations of motion: there are lots of squares, but their square-roots
can be decomposed into a very small basis, such that there exist some non-linear algebraic relations
between order six scalars and order eight ones. Taking this into account, we can choose the independent
“square-root” scalars, such that for both orders, there are topological scalars and only one that is not.

For order six, the one we chose turned out to be the same as for spherical symmetry. The other perfect
squares for this last space-time are squares of the Weyl and Cotton tensors, which are identically zeros for
FLRW, such that all of the squares of static spherical symmetry are present in FLRW. Let us say also that
the resemblance between Sg and S5, which admits exact black hole solutions, could suggest that it might
be possible to find also these kinds of solutions from the first. It could also be interesting to understand
better why the second order corrections specific to spherical symmetry involve “conformal” tensors.

We note here that in addition, we have checked if this common non-vanishing square, that is
V+-RV?R, is also a square for another physically-relevant spacetime, that is Bianchi I, defined by the
following metric and describing an anisotropic universe as the early universe was [29,30]:

ds® = —dt* + a(t)da® + B(t)dy* + v(t)d=>. (42)

It turns out that this scalar is also a perfect square in this case and that it leads also to second order
equations of motion. These results are just copied in the Appendix A.3 and make the results concerning
the action:

S = /d4x\/—_g <R+ u\/—VURVUR), (43)

our main ones.

The study of non-polynomial gravity with order eight scalars represents also an interesting result
in the sense that we can choose the four independent square-root scalars to be three topological ones
and one that contributes to the equations of motion and gives the well-known H* correction to the
Friedmann equation [27,28], which leads to a unique physically-relevant solution for which the limit
of small density allows one to reproduce the loop quantum cosmology result and the one coming from
the Randall-Sundrum brane world model. In these two, the big-bang singularity is absent, and the
cosmological solutions are regular ones.

To finish, we note that our study was done on fixed backgrounds, but general relativity is a
background-independent theory, so it could be important to check for the general background if the
scalar V, RV R is still a perfect square and, if that is the case, if its square-root leads in the general

case to second order equations of motion for the metric field. Moreover, to our knowledge, there is no
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proof that, considering all of the FKWC bases for all orders, it is impossible to find linear combinations
of invariant scalars that lead to second order partial differential equations for a general metric. Indeed,
the Lovelock papers [11,31,32] have only restricted their studies to Lagrangians of the general form:
L <9uw OaGuw, 00033, ), i.e., involving curvature tensors, but not explicit covariant derivatives of them.
Therefore, if this remark is true, one could search for second order equations of motion coming from
the general Lagrangian L (gW, OaYpvs > On-..03 g,w). We know from our results that there is no such
combination for order six and eight scalars, because there are none for static spherically-symmetric
space-time. However, as the order grows, even if there are more and more terms in the expansions of
the scalars, the number of independent scalars inside the same class grows, as well, such that for some
“high” order in the FKWC basis, it might be possible to cancel all of the higher order derivatives for a

general metric.
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A. Appendix

A.l. Relations for the Reduced FKWC Basis

First, we copy the following relations from [25]:
E6 =2L1 4+ 8Ly +24L3 + 2L, +24L5 + 16Ls — 12L7 + Lg (44)
is the order six Euler density,
W2 = WasWHP = é}# —25+4T (45)
is the square of the Weyl tensor,
WP = WH W0, W, (46)
and:

Wy = WHPW . ,sW°,.° (47)
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are the two independent cubic contractions of the Weyl tensor in four dimensions.
From the relations of [26], we have found the following geometrical identities:

1 1
L,R" =—(2Ls+ §£4 +4Ls5 +4Ls — AL7 + 5£8) (48)
Wias V' VPRI = Ly — 1.;% + i.,%l + 156 - 1,65 (49)
pra 2 12 2 2
1
Vpleaﬂva,uuaB = $7 - 225 + §-=g8 (50)
N , 1 1 1 1 1
RMVAV Wivas = 532 — Egl — 6"%‘ — §L6 + §L5 (51)
VAW,as VERYP = 1,%5 — 1.5,”6 — i;fg (52)
uval 9 2 24

Note that V#V" L, = 0 identically, such that there are no new relations coming from this term.

Because in four dimensions, & = 0 and L, = 0, leading to L,, R*” = 0 for order six scalars, the
FKWC basis, which does not take into account these relations, is then reduced.

As for conformally-invariant space-times, their metrics verify W3 = 0, which provides again new
relations between the scalars coming from:

RW? = 0, W} = 0, W3 = 0 (note that because & is a linear combination of T} and
W3 [25], the relation & = 0 becomes redundant), W,,.sV* VPR = 0, VP RPN W ,0s = 0,
R’“‘VﬁV”Wumg = 0 and V“WWQIBVO‘R”B = 0. Therefore, for conformally-invariant space-times,
there is one relation coming from the corollary of the Lovelock theorem and seven coming from
Wvap = 0, so that there are eight scalars less in the reduced basis, i.e., eight scalars left.

A.2. General Order Six Linear Combination for FLRW
The sum of all order six independent scalars, expressed in terms of a(t¢) and its derivatives, is:

J = Z <vl~£i + xZOZ@>

i ("1 (vi,2) a(t)° + oa(vi, ) alt) ()" (1) + (s, 1) a(t)? ale)” (1)’

+ou(vn2) alt)? (1) + o5(vi, 1) a(t)” a(t)® a® () + oo(vi, 1) a(t)® alt) a(t) o (1)

+ o7 (vi, ;) a(t)?* a® (t)* + os(vs, 1) a(t)® a(t)? a (t) + o9 (vi, ;) a(t)* d(t) a® (t)>

with,
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(0, = 4(2v1 — 2v3 + 6vg + 2v5 + 2vg + 6v7 + 18vg + 29 + 3 + 614
—6.735 - 51’6 — 8ZL’7 — ].21’8)

09 = 2( — 21}3 + 12’04 -+ 4U5 + 6@6 + 241}7 + 108’1)8 + 30331 + 29
—3xs — 18z4 + 20z5 + 18z6 + 3227 + 24as)

o3 = [ — 6vy — dvs + 24vy + 14vs + 6v6 + 4807 + 21605 + 4874
+14zy + Txs + 4224 — 205 — 1926 — 3637 — 1275)

04 = 8v1 + 209 — 8z + 24v4 + 6v5 + 10vg + 24v; 4+ T2v8 — 1221 — 23 — 614
o5 = —2 (18x1 + by + 3 + 624 — 45 — 226 — 24278)

06 = — (3621 + 8x9 + 3 + 624 — 226 — 87 + 24x8)

o7 = — (4ws + 3xg + 4 (x7 + 323))

s = —2 (6x1 + x2)

| 09 = — (1221 + 4y + x3 + 614)
Now, in terms of H (t) and its derivatives, considering only the scalars of the reduced FKWC basis:

1=4,6,7 7=1,3,5,8
=3 (51 (Ui, $Z) H(t)G + 52(1)2‘, l‘l) H(t)4H(t) + 53(1)2‘, I‘7,> H(t)2H<t)2

+ G4(vi, ;) Ht)® + G5 (vi, ;) HE)PH(t) + 66(v;, ;) Ht)H(t)H(t)
+ T (v, 2 H()? + s (vi, ;) H(E)2HO () + Go(vs, ;) Ht)H® (t))
with,

;

o1 = 12 (8vy + 3 (vg + 4v7))
5:2 =6 (24U4 + 9U6 + 36U7 - 481‘1 - 21’3)
o3 = 4 (24vs + v + 30v7 — 6021 — 223 — 1425 — 48x)

o4 = 2 (1204 + v + 1207 — 241 — 223)
05 = —7(24x1 + x3)

06 = — (84x1 + b + 24 (v5 + 4xs))

o7 = —4 (x5 + 3xg)

58 = — (243?1 + {E3)

gg = — (125[51 + 5173)

\
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A.3. V,RV R in Bianchi I Spacetime

We reproduce only here the value of the particular scalar V,RV? R for Bianchi I spacetime and the

associated equations of motion of its square-root.

V,RVR = - 4{@(75)7(75)6(75) (au)ﬁ'(twu) A @08 + a(t)/‘sm))
) (a(t)?ﬂ'(t)w)? OG0B + B(t)&(t))
@ (a@)%(w ~a(t)a(B) - o) (BHa() + a(t)B(S)(t)))> 53)

By [a(twu) (a@)w) n a(tﬁ(t)) T (au)d(t) ~o(t)a® (t))

+(t) (a(tm(t) = a1 - at) (4(0)a@) + a(t)y® (t)))] } / {a(t)‘*ﬁ(t)“v(t)“}
The associated equations of motion, which are very complicated, yet second order, for respectively «(t),
B(t) and ~(t) are:
0=~ a()*y(t)’5(t)° + a(t)’ Bt} (H)*H(1)B(1)
+a(t)B(t)*y(1)* [Qa(t)d(t),@(t)ﬁ(t) +9(0) (a(028) + a(WBR)EE) + a(t)o’z(t)ﬁ(t))]

(54)
+B8(t)° l — a0 + 51 (= 2a()* + 3a(DaWa(t) ) + a1 (B (0)

+ a0 (a(024(0) + 00D + a<t>a<tw<t>)]

0= =2a()*()*B1)° + a(t)* BV (H*B(2) [a(t)ﬁ‘(t)v(t) + () (a(t)B(t) + 3a<t>ﬁ<t>)]

+a(t)?B(t)*y(t) [’Y(t)ﬁ.(t)d(t) +a(t)y()B(t) + alt) (23(t)"v(t) + ’Y(t)ﬂ(t)) +a(t)p (t)ﬁ(t)] (55)

+ B(1)° [ — a3t + (0 ( - a(t)? + aaa() ) + a(t)swtw(tw(t)]

0= —a(t)*y()*B(1)* + a(t)’ Bt} (1) B(1)(1)
+ B(1)° [ = 2a()*4(6)* + (1 ( - 4(0)* + a(B)a )

56
+ ()1 (O3 (a(3(E) + a1 (1) + a1 (3Da) + a@)w@))] 0

+ a1 (1) [au)mtwf +(0) (260BOA(E) + aHDFE) + a(t)ﬂ'(ww)]
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