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Abstract: We sketch the main features of the Noether Symmetry Approach, a method to reduce and
solve dynamics of physical systems by selecting Noether symmetries, which correspond to conserved
quantities. Specifically, we take into account the vanishing Lie derivative condition for general
canonical Lagrangians to select symmetries. Furthermore, we extend the prescription to the first
prolongation of the Noether vector. It is possible to show that the latter application provides a general
constraint on the infinitesimal generator ¢, related to the spacetime translations. This approach can be
used for several applications. In the second part of the work, we consider a gravity theory, including
the coupling between a scalar field ¢ and the Gauss—Bonnet topological term G. In particular, we
study a gravitational action containing the function F(G, ¢) and select viable models by the existence
of symmetries. Finally, we evaluate the selected models in a spatially flat cosmological background
and use symmetries to find exact solutions.

Keywords: Noether symmetries; modified theories of gravity; exact solutions

1. Introduction

Over the years, General Relativity (GR) has been confirmed at various energy and
spacetime scales. It is capable of predicting with high accuracy phenomena in the weak
field limit [1], where the Newton theory of gravity failed, including, e.g., the perihelion
precession of Mercury orbit, the deflection of light by the Sun and the gravitational redshift
of light rays. At the same time, it provided the final evidences of gravitational waves [2] and
black holes [3,4]. On the other hand, GR manifests shortcomings at UV and IR scales, sug-
gesting that it is not the definitive theory of gravity [5-7]. For example, the galaxy rotation
curve [8,9], the current cosmic expansion of the Universe [10,11], the problem of singulari-
ties [12,13], the unification between gravity and the other fundamental interactions [14-16]
represent shortcomings that, to be solved, need further ingredients out of the theory or
new conceptual approaches. Within the formalism of GR, the two former problems are
addressed by considering dark matter and dark energy, respectively, which should account
for the majority of the Universe’s content (~95%), though they have never been directly
detected. The latter issues is closely related to the lack of a self-consistent quantum gravity
theory, because GR cannot be dealt with under the same standard as the other interactions.
Even considering a semi-classical approach, GR cannot be renormalized by means of the
usual techniques, as incurable divergences occur at UV scales [17-19]. In this framework,
possible extensions/modifications of GR attempt to address these issues either by modify-
ing the gravitational action or relaxing various assumptions of GR. To the latter category
belong theories, e.g., with affine connections different than Levi-Civita [20-23], breaking
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the Lorentz invariance [24], considering higher dimensions [25-28], etc. (see [29,30] for
examples of alternatives to GR). On the other hand, to the former category belong models
including in the gravitational action functions of the scalar curvature [31,32], higher-order
curvature invariants [33,34], coupling between geometry and dynamical scalar fields [35,36].
By relaxing the assumption of a gravitational Lagrangian linearly dependent on the scalar
curvature, higher-order field equations occur in the metric formalism. Most often, extended
theories of gravity are taken into account to address the late-time cosmic expansion of the
Universe without introducing dark energy [37]. This is due to the fact that the right hand
side of the gravitational field equations can be intended as an effective energy-momentum
tensor given by geometry, mimicking dark energy as a curvature quintessence.

One of the most famous extended models is the so-called f(R) gravity, whose action
contains a function of the scalar curvature. GR is restored as soon as f(R) = R. Another
possibility is to consider functions of other higher-order invariants, such as RF'?7 Ry, pr
or RMRyy, with RFP? and R being the Riemann and the Ricci tensors, respectively.
Among all possible combinations given by these three curvature scalars, the only one
providing a topological surface term is G = R? — 4RF'Ry,, + RFPUR,,,s, which is the
Gauss—Bonnet term. In four dimensions, the latter turns into the Euler density, meaning that
once integrated over the manifold, it provides the Euler characteristic. Being a topological
surface, it does not contribute to the field Equations (in four dimensions); however, a func-
tion of G is not trivial in four dimensions, then its contributions is relevant into dynamics.
The relevance of dealing with the Gauss—-Bonnet term is two-fold: on the one hand, being a
topological surface, it can contribute to the reduction of the field equations, allowing to
find analytic solutions; on the other hand, this term naturally emerges in gauge theories of
gravity (such as Lovelock [38,39] or Born-Infield [40] gravity) and can be helpful to address
issues emerging at UV scales. In particular, it can give ghost-free models. Most often,
the action S ~ [ (R + f(G)) d*x is taken into account as a starting point, so that GR is safely
recovered when f(G) — 0 and the latter can account for dynamical contributions to dark
energy [41,42].

In this paper, after reviewing the so-called Noether Symmetry Approach [43], we will
consider a gravitational action with non-minimal coupling between the Gauss-Bonnet term
and a scalar field ¢, with corresponding kinetic and potential terms.

The presence of the scalar field can be potentially useful to properly evaluate the very
early times of the Universe’s evolution, when the inflationary epoch is supposed to be
dominant. More precisely, we consider a function of both G and ¢, F (g, ¢), a kinetic term
w(¢) and a potential term V (¢). This choice is due to the fact that, in some cosmological
contexts, the Gauss—Bonnet term can act similar to the Ricci curvature according to the
relation /|G| ~ R, so that GR can be restored even without the presence of the scalar
curvature. The unknown functions are, thus, derived by using the Noether Symmetry
Approach, a selection criterion aimed at finding models with symmetries [29,44,45]. In the
majority of applications, the Noether Theorem is used to find out integrals of motion,
arising from transformation laws that leave the action invariant. This procedure allows
to reduce dynamics and, eventually, to integrate it. Here, we show how to reverse the
usual approach and select theories with symmetries starting from undefined actions. This
point of view is taken into account in several works, as it represents a physical criterion
capable of unveiling viable models among several possible choices [46—49]. The resulting
constants of motion can be used to perform a proper change of variables (suggested by
the Noether theorem), leading to a reduction of the minisuperspace dimension [50-52].
Reducing the dynamics of the system turns out to be physically relevant in any branch of
physics, especially in those fields in which the equations of motion are difficult to handle,
as well as theories of gravity. Here, by applying the Noether symmetry existence condition
to the most general canonical field Lagrangian, we show that some constraints on the
infinitesimal generator can be given from the beginning, so that the Noether system can be
highly simplified. This is of extreme utility especially in those cases where the given model
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involves more curvature invariants and the application of the Noether system can result in
many differential equations see, e.g., refs. [29,53].

The paper is organized as follows: in Section 2, we introduce the Lie derivative and
the Noether vector, also outlining their main features and possible applications. We apply
the Noether symmetry approach to general canonical Lagrangians; as a result, we obtain
a general constraint on the symmetry generator, which is of particular interest in the
application to modified theories of gravity. In Section 2.1, we outline the features of the
Noether vector and its relation with the Lie derivative pointing out the role of Noether
charges. Realizations of the method are reported in Sections 2.2-2.4. In Section 3, we adopt
the Noether Symmetry Approach to a scalar-tensor action, containing the coupling between
a dynamical scalar field and the Gauss—Bonnet term. We also find cosmological solutions
for all selected models. Conclusions are drawn in Section 4.

2. The Noether Symmetry Approach: An Overview

; 0 ; 0
Let us start by considering a Noether vector X = txla—qi + &la—qi and a generic La-

grangian £; let L be the Lie derivative along the flux of the vector X. Here, ¢’ represents
the configuration space variables, namely the generalized coordinates, with the index i
running from 1 to the number of variables of the configuration space; &’ represent functions
of the coordinates ' and the dot denotes the time derivative. The Noether theorem states
that the condition Lx £ = 0 implies that the phase flux is conserved along X and a constant
of motion exists. This is an alternative formulation of the theorem, which allows to suitably
find integrals of motion by means of the vanishing Lie derivative condition. Specifically,
if Ly L = 0, then the following quantity:

;0L
Yo=a—, 1
0 E¥ @
is a constant of motion. The proof for this statement is straightforward and can be found,
e.g., in [29,47]. Moreover, it can be shown that the above formulation of the Noether
theorem is a simplification involving only internal symmetries. To this purpose, let us

consider a coordinate transformation of the following form:
Litqq) - LETT)
F=t+e&(t,q)+0(e) (2)
7 =q +ed(tq)+0(e),

where {f,7'} are the variables of the transformed space-time, € is an arbitrary constant and

¢ and ! are scalar and vector functions, respectively, of the coordinates. The corresponding
generator is:

d .0 i1 0 d .0 ... 9
+1x’f+txl”f:§—+ala—qi+(al—q1§)a—bf (3)

b_=2
X é’at‘ ag’ a4t ot

and it is the first prolongation of Noether vector. Moreover, assuming that the transforma-
tions (2) leave the Euler-Lagrange equations invariant, the following identity:

XU +éc = g(t,q), @

must hold; g is an arbitrary function of coordinates and fields. It is called a “gauge function”.
The resulting conserved quantity is a generalization of (1):

oL oL ;
IZ‘:(ﬁ—qlaq,-) +“ZaT7i—8(f/l71)- ®)

Equation (5) turns into Equation (1) when ¢ = 0, that is when internal symmetries are
considered. The demonstration of the above Noether theorem can be found in [29,54]. In
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the next subsections we apply the Noether Theorem to the general canonical Lagrangians,
with the purpose to put general constraints on the symmetry generator.
Let us then consider a canonical system with kinetic term:

T = Ay(q)d'd ©)

and potential:
u=v(q)+aq)d @)
In the above equations, A;; represents matrix elements depending on the generalized

coordinates g’, V(g') is a scalar function of the coordinates and A; is a vector function of g'.
Therefore, the Lagrangian £ = 7 — U can be written as:

L(q,9) = Aij(q)q'q = V(q) — Ai(q)q", ®)
which is the most general canonical Lagrangian depending on the coordinates g’ and on
their first derivatives. Note that, except for some particular cases, most modified gravity
Lagrangians can be recast as in Equation (8). For this reason, the constraint on the symmetry
generator, provided in the next section, is of particular interest for several applications. It

allows to constrain the space of solutions. In this way, the Noether system of differential
equations can be reduced such that the approach can provide exact solutions.

2.1. The Lie Derivative and the Noether Charges

Before considering some applications of the above approach, let us discuss the general
capability of Noether theorem to reduce the minisuperspace dimension, as well as the
link between the condition (4) and the Lie derivative. Let GL(n, R) be the Lie group on R
consisting of a set of matrices D (6). Let us consider a generic transformation belonging to
such a group. For each transformation generator, the corresponding conserved quantities,
ruled by the same algebra of the generator, are as follows:

foxw) e

I : 9
{zf, 5/} = if/zk, ®

where ¥/ are the integrals of motion, with the indexes i, j, k running from 1 to the total
number of symmetries, and f,i] is the structure constants of the given Lie algebra. The
Noether Theorem associates to any generator the corresponding conserved quantity, i.e., the
so-called “Noether’s current”, which integrated over the hypersurface of the considered

minisuperspace leads to the so-called Noether’s charge. Notice that when the Lagrangian
depends on the spacetime variables x#, the condition (4) can be generalized as:

xW e+ 0uiM % = d,8", (10)

with . being the Lagrangian density and X!! the generalized first prolongation of the
following Noether vector:

Xl = g1, + "‘ia?pi + (O — 30,8 an

(')

Therefore, the application of (10) to a given Lagrangian density .#, can be made
explicit as:
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XNy o8ty =0d,9" —

i d i i v d _ 1
— {gﬂay + ¢ Py + (009" — 0,¢'0,C )W + aﬂgﬂ}.f =9,8" —
— {LX — 0, (ayqafa(aaw — 1) },,s,ﬂ = 0,8" —
— Lx% —0,8" 7 = 9,8", (12)

where 7 is the trace of the energy-momentum tensor. For time-depending fields, the con-
dition (12) becomes:

LxL—¢H =g, (13)

where H is the associated Hamiltonian, as we will see the example below. Equation (13)
generalizes the condition of vanishing Lie derivative along the flux of X to its first prolon-
gation X 1.

In addition, besides finding the symmetries of the given Lagrangians, the Lie derivative
can also be used to find the symmetries of the metric tensor. Indeed, the application of the
operator L along the flux of a given vector field X to the metric tensor, yields:

Lxguw = 2gup(x"), (14)

from which the conformal Killing vectors can be split in three categories:
*  Proper Killing Vector — ¢(x#) #0 — Lxgu = 28up(x*);

*  Special Killing Vector — ¢(x#) =0 — Lxgu = 0;

*  Homotetic Killing Vector — ay(p(x”) =0 — Lxg;w ~ const.

In particular, for Special Killing vectors, the well-known Killing equation:

Lﬁg}”/ = [gngV} =0 — Dv(:y - Dy(fv =0, (15)

for the isometries automatically follows. With these considerations in mind, let us now
develop some specific examples.

2.2. Noether Symmetries in the Canonical Two-Particle Lagrangian

Starting from Equation (8), let us apply the Noether Symmetry Approach to a two-
particle Lagrangian:

L£(q1,92,41,42) =A11(q1,92)d7 + A12(91,92) G162 + Az (91, 92) G212+

. . , (16)
+ A2 (91, 92)45 — V(91,92) — A1(91,92)41 — A2 (g1, 92)d2-

The search for internal symmetries can be pursued by setting the Lie derivative of £ equal
to zero. The Noether vector, corresponding to a general transformation of variables ¢,
reads as:

X = a(q1,92)9q, + B(q1,92)9q, + &(91,2)94, + B(41,2)d4, (17)

where «a (B) is a generic function of the two variables g1 and ¢, and & (B) its total time
derivative, namely §19q, & + §29,,a, with 9;, denoting the derivative with respect to q;. The
condition Lx£L = 0, asking for the cancellation of derivative terms, leads to the following
system of differential equations:
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adg, V + Bog,V =0 (18a)
G1: adg A1+ POy, A1+ Ardga+ Axdg f =0 (18b)
Go:  adg Ay + Pog,Ap + A1dg,a + Azdg,p =0 (18¢)
Gf 1 adg Arg + Bog, A +2(9g,2) A1y + (95, 8) A1z + (95,8) Axn =0 (18d)
471 adg Ax + B, An + (0g,0) A1z + (9g,0) A1p +2(0g,8) Az = 0 (18e)
20g, A1p + adg, Ay + By, Arx + Bog, Ao+
G +2(9g,x) A11 + (9g,a) A1z + (9g,0) Ax+ (18f)

+ (35:8) A1z + (35,8) Azt +2(3g, B) Az = 0.

According the same procedure, it is possible to get a system of differential equations
coming from the application of the identity (4) to the Lagrangian (16). Specifically, being
the condition Ly £ = 0 contained in the general identity (4), the system related to the latter
will be contained in the former one. As a matter of fact, the system involving also external
transformations reads:

00,V + B,V + (1) A + (3tB) Az + (348)V — dyg = 0 (19a)
i —adg Ay — Bog, Ay — A10g, & + 2(0sx) A1p — A20g, B+ (19b)
+ (9¢B) A1z + () A21 — 9g,8 = 0
i — &0y, Ay — Bdg, Az — A19g,& + (9rar) A1 + (9s) Apy — (19)
- Aza‘lz:B +2(0¢B) Az — ang =0
.2 wdg, A1 + Bog, A1 + Z(E)qltx)/ln
it : B (19d)
— (9:8) A1 + (9g,8) Ar2 + (95, 8) Azt = 0
0 lxaql A + ,Baqz Az + (aqzlx)Alz-f—
4o - (19¢)
+ (9g,2) A1 +2(9g,8) A2z — (958) Az = 0
aaql Ao + aaql Ao + ,Ban Ao + ,Baqz A+
Gig2 s +2(9ga) A1 + (9g,2) Arx + (9g,a) Ay — (9¢€) A1 — (19f)
— (0:8)Ax + (aqzﬁ)./lu + (aqzﬁ)Am +2<aq1‘3).,422 =0
dfde s — (99,8) Az — (94,8) A21 — (94,8) A1 =0 (19¢)
a7 0 — (99,8) A1z — (9g,8) Aot — (94,8) Az = 0 (19h)
g’ = 2(94,8) An + (99,8) An =0 (199)
450 = 2(00,0) Ana + (99,8) A = 0, (19)

which is a generalization of the above one. Note that .4;; are arbitrary functions, so that
the only possible solution of the last two equations is ¢ = {(t), which means that the
infinitesimal generator ¢ must depend on time only. In view of this result, we can neglect
all terms containing other partial derivatives of ¢, as well as d, ¢ or d,,¢. The function
¢(t) plays an important role in the Noether approach, since it gives rise to the spacetime
transformations. Once we set ¢ = 0, the generator X! turns into X and the identity (4)
folds into the condition of vanishing Lie derivative. This relation can be explicitly obtained
by considering the application of the Lie derivative, namely:

LxL = XL = (afd, + 9, ) L. (20)
By merging Equations (4) and (20), we obtain:
LxL+EH =g, (21)

being H the Hamiltonian function, defined as:
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0L
H=4q5 7 (22)
Considering that the gauge field g can be arbitrarily set to zero, the above result shows
that the imposition ¢ ~ const implies:

Lyl = EH. (23)

Notice that, in this example, we only considered time-depending Lagrangians, though the
method can be even applied to general systems depending on other spatial
coordinates [54-56]. In the next subsections, we analyze canonical Lagrangians of differ-
ent form, finding out the corresponding symmetry generators and conserved quantities.

2.3. Example I: The Free Particle

The simplest case is the free particle Lagrangian, which can be obtained from
Equation (8) by setting V() = A(g) = 0. Moreover, for the sake of simplicity, we also set
Ajj = 6jj. The Lagrangian therefore takes the following form:

L=(4)> (24)

The application of the vanishing Lie derivative condition to the above Lagrangian

yields the following equation:

on

— =0, 25

o 25)
which automatically leads to & = «g, with g constant. The system is invariant under local
translation whose symmetry generator is X = «d;. The conserved quantity can be found
as a subcase of Equation (5), which provides:

oL oL
ZO = txafq_ = Oéoafq, = Qp7tg, (26)

namely, the conjugate momentum, as expected.

2.4. Example I1: The Harmonic Oscillator

Let us apply the Noether Symmetry Approach to a Lagrangian with harmonic po-
tential, considering only the vanishing Lie derivative condition. Starting from the above
general Lagrangian, it contains only one set of generalized coordinates g'. Thus, the
two methods turns out to be equivalent.

We expect the angular momentum to be the conserved quantity provided by the
Noether theorem. The canonical form for the harmonic potential and the kinetic term can
be obtained by setting Ay} = Az =1, Ajp = Ay = Aj = Ay =0and V = g2 + g7, so
that Lagrangian (16) becomes:

L=47+45 —qf — g5 (27)

The system (11) reduces to four differential equations:

20q1 +2Bg2 =0 (28a)
20,0 =0 (28b)
20,8 =0 (28¢)
20g,a 4204, 8 = 0. (28d)

whose solution provides the following symmetry generator:

X = ‘728% - qlafh' (29)



Symmetry 2023, 15, 1625

8 of 15

which is nothing but the SO(2) group generator, as expected. Similarly, the conserved

quantity X can be found by means of the condition >y = o EYL that is:
q

Lo = 2021 — 2q12, (30)
which is the orbital angular momentum.

3. An Application: Coupling Gauss—Bonnet Gravity to a Scalar Field

Let us now apply the prescription of the previous section to a modified gravity
Lagrangian including the coupling between the Gauss—-Bonnet term G and a scalar field ¢
through the coupling function F(G, ¢), the kinetic and the potential terms (namely w(¢)
and V(¢), respectively). It reads as:

5= / \/jg{F(%g) +w(9)dupdlp+ V() |d'x, (31)

with g being the determinant of the metric and with y running from 0 to 4. We focus on a
Friedman—Robertson-Walker (FRW) spatially flat line element of the following form:

ds* = di? — aZ(t)(Sijdxidxj,

where §;jis the three-dimensional unitary matrix, x! the spatial coordinates and a(t) the scale
factor, depending on the cosmic time ¢ only. By this choice, the Gauss—Bonnet term becomes:
ati 8.d .

G =247 = = (#) (32)
and can be adopted to obtain the point-like Lagrangian. To this purpose, let us consider
the Lagrange multipliers method with constraint given by Equation (32) and integrate the
three-dimensional hypersurface, so that the action can be recast as:

s= [ @6 -2(6- 59) vt + vip)a, ®

with A being the Lagrange multiplier.Notice that, with the above ansatz for the line element,
a function of the Gauss—Bonnet term can behave similar to the Ricci scalar curvature, as soon
as f(G) ~ v/G, due to the reasons mentioned in the introduction. Therefore, in cosmological
space-times, the most known scalar-tensor actions can be recovered by proper choices of
the coupling function. For instance, the Brans—-Dicke model can be obtained by setting
F(¢,G) ~ ¢v/G, w(p) ~ 1/¢ and V(¢) = 0. This is of note since, as shown in Figure 1,
most symmetries can yield the Brans—Dicke action by settingw =1,k =1/2,4 = —1and
W =0.

By varying the action with respect to G and equating the result to zero, we straight-
forwardly find A = F5(G, ¢), where the subscript denotes the derivative with respect to
the Gauss—Bonnet term. Now, integrating by parts the second derivatives occurring in
Equation (33) and neglecting the boundaries, the point-like Lagrangian can be written as:

RF .  PF .
F d ¢>. (34)

oF .
L=d <F — agg) +aw(P)d? +a’V(p) — 8a3 (agzg + 599G

In the three-dimensional minisuperspace S ~ {a, $, G}, there are three Euler-Lagrange
equations that, together with the energy condition, provide the following dynamical system:
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L 9°F .. OF LF . PF ., PF .9%F . 9°F
52 - 29 4 2 or
84 (gagz +2g¢a¢ag2 +g 3G +¢a¢ag +¢ 84)289) +16aa<gag2 +cpa¢ag>

w2 (F- G+ Vi) +0(9)?) =0

2 2
—24a2aazb;g + a3 (—gi + ga?p;g — ang) +2w(P)P + 4)236;;;1’)) + 6a%aw(¢p)p = 0 (35)
a2i

a
, 0°F 0’F oF ,
53 il il 3 _cZ _ 2\ _
244 (gag2+¢a¢ag)+“ (F Qag+V(¢) w(¢>)¢)—0.

The first two equations are the Euler-Lagrange equations with respect to the cos-
mological scale factor and the scalar field, respectively. Specifically, the second equation
corresponds to the Klein—-Gordon equation coming from the variation of the action with
respect to the scalar field. The third equation is the one related to the Gauss-Bonnet term
given by the Lagrange multiplier. Finally, the last equation is the energy condition, namely
E;r = 4'0L/04¢' — L = 0, where ¢’ are the generalized coordinates of the considered minisu-
perspace. In order for the Lagrangian approach to be equivalent to the variational approach,
the latter equation must be included to recover the “00” component of the field equations.
Specifically, the zero energy condition accounts for a further constraint completing the dy-
namical system, physically implying the Hamiltonian is zero on the constraint surface due
to time reparameterization invariance [57]. As a result, the variational approach, naturally
providing two different Friedman equations by the variation with respect to the metric,
turns out to be completely equivalent to the Lagrangian approach.

F($.5) = 9" g* first case
F(Q‘J,Q) = fnew:pgk

F($.6) = fo¢"G*
v v <L O

F(9.6) = fod"G*
= ré
V(p) = Vye <F(¢,g) — fevbgh

F($.9) = fop™ G* second case

F($.6) = foe™*g*

V($) = Voo F(.6) = fo#"G* | third case

F($,6) = foe™*g*

F(.9) = fop* 6"
V() = Voert <L, bp0)— avens

w(@) = wo?

F(9,6) = fod”G*
.
F(9.5) = foe¥?G* fourth case
g F($.6) = fop™G*
. iy

F($.9) = fop™G*
V() = Vpe?? <: F(.6) = fre"®G*

Figure 1. Possible forms of the Lagrangian function selected by the existence of symmetries.

Before applying the Noether symmetry prescription to the above Lagrangian, let us
point out that the minisuperspace is three-dimensional, and therefore, the first prolongation
of the Noether vector in this case reads:

X1 = €0 + a9, + pog + 79y + (& — E0)0a + (B~ £0)3g + (1= 9)9y  (36)
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where «, B,y and ¢ are functions of 4, G, ¢ and ¢, with t being the cosmic time. By applying
the Noether identity (4) to the Lagrangian (34), we get a system of differential equations
that can be slightly simplified by the imposition { = {(t). According to the discussion of the
previous section, this can be assumed a priori for canonical point-like Lagrangians. Thanks
to this ansatz, the system can be solved analytically, providing the explicit expressions of
F,w and V. Eighteen possible solutions are summarized in Figure 1 (fo, wo, Vo, k, w, p, q are
real constants).

For cosmological purposes, here, we focus on the most interesting cases, which in
Figure 1 are marked by a rectangle,since they are the only symmetries leading either to
time power-law or exponential de Sitter-like solutions. The other symmetries yield more
complicated cosmological solutions, or equations of motions not solvable analytically.
Though the latter category is still worth to be analyzed, the study of numeric solutions is
not the main goal of this paper. In the next subsections, we analyze each case and find the
corresponding cosmological solutions to the Euler-Lagrange equations.

3.1. First Case

The first symmetry of the Lagrangian (34) occurs by setting w(¢) ~ wp and V(¢) =0,
with wy being constant. In this case, the point-like Lagrangian reduces to:

L = dPwed? — folk —1)G ¢ a® — 8foka>GF2¢“ 1 [(k — 1)pG + wG ). (37)
with infinitesimal symmetry generators of the form:

6(1 - 2k)oc0

a(a) =woa, B(G) = —469, 7(¢) = m‘l’r g(t) =

3(w —2)ag

— 38
—2—|—8k—wt' 38)

where a(a), B(G), v(¢) and ¢(t) are the infinitesimal generators of the coordinate transfor-
mations. Notice that, in agreement with Equation (19j), the infinitesimal generator ¢ is a
function of the sole time. In order to find analytic solutions to the equations of motion
related to the Lagrangian (37), we can set w = 2, so that the coupling function becomes
F(¢,G) = fop*>G*, meaning that the general gravitational action is:

s = [ V=8[fo9?G" + wod’ 9, ) a*x. (39
By these ansatz, the explicit forms of the scale factor and the scalar field are:
a(t) = age™, ¢(t) = poe™, G =24m*, (40)

namely, de Sitter-like solutions. Here ag, m, ¢g and # are real constants. A further constraint
arising from the solution of the Euler-Lagrange equations concerns the relation among
wo, fo,n and m. Specifically, these four constants must satisfy the following system of
algebraic equations:

fo(24m*)*[3(k — 1)m? — dkmn — 4kn?] — 3m>n’wy = 0
fo(24m*)* — nwo(3m+n) =0 (41)
fo(24m*)K[(k — 1)m — 2kn] + mnwy = 0.

Solving the third equation with respect to 1, we obtain two solutions. After choosing
one, we can solve the energy equation with respect to the constant fy to obtain two other
solutions. As a result, we have a total of four possible combinations, but only three of these
are valid. For example, let us consider the cases k = 1 and k = 1/2; in particular, the latter
is the value of k allowing to recover GR at cosmological scales [42]. For these two values,
we get the following solutions:

k= 1/2/ n= _émr fO = _3T\26w0/ (42)
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56()0

k:]., n=-——-m, fO:_W

(43)

3.2. Second Case

Another symmetry leading to exact cosmological solutions occurs once considering a
vanishing potential, a power-law form of the kinetic term w(¢), i.e., w(¢) = wp¢, and a
coupling function of the form F(¢,G) = fo¢™“GF. The Lagrangian, thus, reads:

L = a®wodTd?® — folk —1)G "] — 8foka®G* 29" [(k — 1)¢G +wG¢d].  (44)

The existence of the Noether symmetry selects the following infinitesimal generators:

6(1 — 2k)ag B 32+q—w)ag
2+q)(4k —1) —o? S0 = T 2+q)(4k-1)—w

#(a) = o, B(G) = —480G, 7(¢) =7 t, (45)

and, as before, the infinitesimal generator ¢ is a function of the sole time. The system of
Euler-Lagrange equations, together with the energy conditions, can be solved by setting
w = 2 + g and provides the following exponential solution:

a(t) = age™, ¢(t) = ¢oe™, G = 24m* (46)

where 1 and m are real constants. Due to the constraint imposed by the equations of motion,
the infinitesimal generators become:

a) =0, B(G) =0, 1(p) =350, &) =0 @)
and the modified scalar-tensor action results in:
S = / \/—g[fociﬂﬂgk + w0<pqay<pa”<p} d*x. (48)

Also here, there is a further constraint coming from the equations of motion which
sets the relation among the constants fy, wy, m, 1, namely:

fo(24m*)K[3(k — 1)m? — 2kmn(q +2) — kn?(q + 2)?] — 3m>n?wy = 0
newolém +n(q+2)] = fo(q +2)(24m*)* =0 (49)
fo(24m*)*[(k — 1)m — kn(q + 2)] + mn?wqy = 0.

As in the previous case, the solution of the above system results in four possible

combinations for fy and 1, but again only three are cosmologically meaningful. Considering
the same values of k as before, we obtain:

3 3v6
k=1/2, n= —mm, fo= —WWOI (50)
_ __ 5 _ . Swo
k=1, n= 2+qm, fo= 240+ 2P (51)

3.3. Third Case

The third symmetry arising from the solution of the Noether system involves both the
coupling function, the kinetic and the potential terms. Specifically, the Noether system can
be solved if w(¢) = wod?, V(¢) = Vo¢? and F(¢,G) = fo¢™GF, with:

w — 4k + p(2k — 1)

q= ok . (52)
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The Lagrangian (34), thus, becomes:
£ = alwop™§® = folk=1)G"9"] = 8foka’G 29" T [(k = 1)9G + wgg] +a’Vog?  (53)

and it satisfies the existence condition of Noether symmetry, provided that the infinitesimal
generators take the form:

a(a) = —%[Co +kpyola, B(G) = —480G, () =0, C(t) = —Wt (54)

A possible solution to the field equations consists of exponential scale factor and scalar
field of the form:
a(t) = age™, ¢(t) = poe™, G =24m*, (55)

with additional constraints given by the following system of algebraic equations:

fo(am*)F[kn?w? + 2kmnw — 3m? (k — 1)] + 3m?n’wy + 3m?>Vy = 0

w=gq-+2

p=w (56)
fo(24m*)*w — newo(6m +n(q+2)) +pVo =0

fo(24m*)K[knw — m(k — 1)] — mn?wo +mVy = 0.

By replacing the second and the third equation into Equation (54), the latter becomes:

w(a) =2, B(G) =0, 7(g) =p, &) =0 7)
According to the discussion in Section 2, the generators of Equation (57) describe an
internal symmetry, due to the condition {(f) = 0. Therefore, symmetries corresponding
to this third case can be also selected by the vanishing Lie derivative condition. Unlike
the other cases, here, the system (56) yields different solutions, but only one of these is
completely real. The other solutions, in fact, contain at least one imaginary parameter and
have been excluded for obvious physical reasons. For k = 1 and k = 1/2, the solution takes
the form:

2
4
k=1/2, n:—3—wm+@ Sw” — wwo , foz—ﬁr (58)
2wo 2wo \/(w4 + 4w})? — 4wwy 2
2,2
k=1, n:_6\/gwm3_4\@wm3<3\@m w wo>, foz—ﬁ- (59)
wo wo 2V 6m2w? — wy 2

3.4. Fourth Case

Let us finally analyze the last symmetry selected by the approach, consisting of an
exponential kinetic term (i.e., w(¢) = wpe’?), a vanishing potential and a coupling function
of the form F(¢,G) = foe?G 3. The corresponding Lagrangian is:

L =261 fi%" (G — 20G ) + a° (; foGrevd + woeq‘Pd)Z). (60)

It is interesting to notice that, here, the power of G selected by the Noether Symmetry
Approach is not a general constant as the previous cases, but the only coupling function
containing symmetries set the value of k to 1/2. This means that the equivalence with
GR in cosmological backgrounds (since R? ~ G in FRW cosmology) naturally arises from
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symmetry considerations and has not to be imposed as a requirement. The Noether
symmetry existence condition also selects the following infinitesimal generators:

w(a) = B2, 5(G) = poG, 1(g)=0, o)=L 1

where ¢ is a function of time. A possible solution to the equations of motion is given by:

a(t) = age™, ¢(t) = Pot, (62)

where m, ap and ¢ are integration constants. In addition, from the Euler-Lagrange equa-
tions, we get three constraints on the free parameters, resulting in the following system:

2 fom?(3m? + 2mwey + wP) + vVem*wodt = 0
w=q

2V/6fomw — woo (6m + wep) = 0

Vem?wopz — 6 fom® (m + wey) = 0.

To solve the above system, we find fj from the third equation and then we solve the
energy condition with respect to ¢, so that we get two different solutions, namely:

(63)

3

3m 3\ 2wy
= —— = — - 4
(PO w ’ fO (2> wz/ (6 )
2m 2 wy
$o w’ fo 3 w? (65)

The above solutions can be further simplified by choosing fo = v/6/2. In this way,
we get:

3m V6 2

Po = —?/ fO = > wo = ngz (66)
2m V6 4

¢o = i fo = 5 wo = ng' (67)

4. Conclusions

We outlined the main properties of the Noether Symmetry Approach, discussing
some applications and showing how to use the Noether theorem as a method to select
theories containing symmetries. Starting from canonical Lagrangians, we first introduced
the prescriptions aimed at constraining the generator of the symmetry. This approach is
particularly useful in modified theories of gravity [29], or in quantum cosmology, where
the conserved quantity allows to restrict the variables superspace to integrable minisuper-
spaces [52,58]. The first prolongation of the Noether vector yields a more general class of
symmetries, which reduce to those coming from the application of vanishing Lie deriva-
tive when the functions determining prolongations are ¢ = const and ¢ = 0. Moreover,
an important result arises from the application of Noether symmetry approach to canonical
Lagrangians: the infinitesimal generator ¢ related to spacetime translations turns out to be
a function of the sole time. This result permits to further simplify the approach by reducing
the system of differential equations.

This feature becomes evident when applying the prescription to modified theories
of gravity; specifically, in the second part of the manuscript, we focused on a modified
gravitational action containing both the Gauss—Bonnet topological term and a dynamical
scalar field. The selection of viable models has been pursued by searching for symmetries.
In other words, viable modified theories of gravity can be selected adopting a physical
criterium based on symmetry considerations.
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Each symmetry can be related to a conserved quantity that can, thus, be used to reduce
dynamical equations. As output of the process, viable cosmological solutions are derived
as power-law or de Sitter behaviors. In this perspective, the Noether Symmetry Approach
results in a method capable of selecting physically viable models.
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