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Mathematical formalism of f(R,G) gravity

The most general action for f(R,G) gravity':?

S = /F{%Q (R,g)+£m]d4m (1)

The Gauss-Bonnet curvature term is defined as: ¢ = R? — 4R" R, + R“”“ﬁR#mﬁ

By varying the action (1) with respect to the metric tensor g;;, the field equations of the f(R,G) gravity
can be expressed as:

1
frGi = KT+ 59ii [f(R,G) — Rfr] + ViVifr — 9i;0fr + fo(—2RRi; + AR R}

—2R;"™ Rjkim + 49" g™ RikjmRin) + 2(ViV; fo)R — 29:;(0fg) R + 4(0fg) Ri;
—A(ViVifg)R; — A(ViV;fo)RE +4gi;(ViVifg)R™ — 4(ViVafe)g™ g™ Rikjm (2)

M. De Laurentis et al., Phys. Rev. D 91, 083531 (2015)
29.D. Odintsov et al., Nucl. Phys. B 938, 935 (2019)
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Field Equations:

e We consider the spatially flat FLRW metric with line element
ds? = —dt* + a®(t)(dz® + dy? + dz?) (3)
then R and G become
R =6(H +2H?) G = 24H*(H + H?) (4)

We obtain the field equation from Eq. (2) and Eq. (3)

1 . .
3H?fr = w’p+ S[BfR +9fg — f(R,G)] - 3H fr — 120 fg (5)

2Hfp +3H?fr = —r°p + 5 [RIr+6fg — F(R,0)] — 2HfR - fr - 4H?fg — 8HHfg — 8H® fg (6)

e Here we use f(R,G) = R+ F(R,G)
3H® = k*(p+ perr),  3H® +2H = —*(p + pen) (7)




Observational Constraints:

e The xZ.ub1e value for the observational Hubble parameter data can be expressed as®

32 2
Hip(2i) — Hobs (2
XI2-Iubble = Z [ i ( ) 0_/2 b ( )] (8)
i=1 i

e In a sample of 1701 SNe Ia from the Pantheon™ study, the yZx, function is provided by?*

1701

X%Ne _ Z [ﬂth(zi) - ;uobs(zi)]2
i=1

- ©)

o H*(z) = H3E(2)

We use the following functional form for E(z) [Lemos et al.”)

E(z) = [A(1 + 2)* + B+ Cz + Din(1 + z)] (10)
3M. Moresco et al., Liv. Rev. Rel. 25, 6 (2022).
4D. Brout et al., APJ 938, 110 (2022).

5P. Lemos et al., MNRAS 483, 4803 (2018).




e The contour plots with 1 — o and 2 — o errors for the parameters Hy, A, B, C and D.
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Coefficients| CC Sample Pantheon™ [CC + Pantheon™|CC + Pantheon™ + BAO
Hy 70.2 £+ 4.6 69.1 £ 4.8 68.697057 69.2670°7
A 0.297 £ 0.04 | 0.28 £ 0.11 0.28570 500 0.26475 557
B 0.6670 1% 0.64 £ 0.16 0.68970-571 0.698 75570
c 0.0099 + 0.0053| 0.02 + 0.011 0.012797% 0.012 £0.71
D 0.0037 £ 0.0019(0.0099 + 0.056]  0.014¥( ¢ 0.00257051

Table: These marginalized constraints are based on the CC samples, Pantheont samples, and BAO datasets.
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e Here we consider F(R,G) = aR*G?
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Figure: II1
Parameters CC Sample Pantheon™ CC + Pantheon™ | CC + Pantheon™ + BAO

q -0.526 (z: =~ 0.636) | -0.529 (2 ~ 0.656) | -0.548 (z; ~ 0.691) -0.579 (z: ~ 0.74)
w -0.8478 -1.02 -1.224 -1.47

Table: Present value of deceleration and EoS parameter based on the CC samples, Pantheon® samples, and BAO

datasets.




Stability Analysis of the Model

e Let us define new variable:
Hfr’ 6H?fr’

e The dynamical system is

(751 uz =

din
AN
duy
AN
dus
AN
dity
AN
dus
dN
dug
dN
duy
dN

3 2 2
us — _9la AHfg — _ Kpr o KPm
4 - — 6 — S 170 £ T — S1710 f
6H2fR’ fr ’ 3H2fR’ 3H2?fgr
fr
f;{HZ —ul - M
f H
W — uqtiy 72112ﬁ,
R H
G P EY
gngquZ-gﬁm upuy — 2uy(uz — 2),

H
+ 4f— — Uqlls

ST TR

—2uzug — U1llg,

H
—uy (3 +uy + 2?)




Stability Analysis of the Model

Uq
u3—1

uz = 2us, Uus = {2U1 + B

p— [Q(US — 3)2 + U1uS]:| (11)

Using these relations and the constraint, the system can be reduced to a set of four equations as

dU3

N ~ Zus(us — 2 12
AN urus — 2us(us — 2), (12)
dug ﬁu4 2
N - : - -2 13
AN w1 [Q(UB, 3) +u1u3] + urug — 2ua(us ), (13)
du6
aN T s 14
AN 2u3ue — U1UG, (14)
dU7
auz ) B )
AN uz(2us +ur — 1) (1)
where t
(uz—2)?

1+ Jus +ue +ur +us —2(8 — 1) (127w
u _(B=1)
L+ iy [2 4w

Uy =

uz—1)
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C.P. us Uy ue | ur Exists for

P1 0 0 1 0 always

Py 0 v ug | 0 3+2ug #£0, =12

Ps 2 -2 0|0 —1+48#0

Pa 0 Ug 010 —1+u4¢07—1+2u4¢075:ﬁ

Ps us | 2(=64wu3) | 0 | 0 | —1+us#0,—2+us#0,14—12us +3u3 £0,8=0

Table: The critical points of the dynamical system. The coordinates of the critical points: (us, u4, us, ur).




’ C.P ‘ Qm ‘ Q,« QDE ‘ q ‘ Weff ‘
P1 0 1 0 1 3
P2 0 | us | 1—us 1 3
Ps 0 0 1 -1 -1
Pa 0 ]0 1 1 3
Ps 0 0 1 1—us | £(1—2us)

Table: Density, deceleration and EoS parameter.

‘ C.P. ‘ Acceleration equation ‘ Phase of the Universe ‘ Stability condition
P1 H = —2H? a(t) = to(2t + cl)% Unstable
Po H = —2H? a(t) = to(2t + 61)% Unstable
Ps H=0 a(t) = toet Stable
Py H =207 a(t) = to(2t + cl)% Unstable
Ps H = (-2 +ax7)H? a(t) = to((2—x7)t+c1)ﬁ Stable
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Table: Phase of the Universe.




Eigenvalues

‘ C.P. ‘ Eigenvalues ‘

P1 {4 -1+ 25)}
Py {0 —5(3+12-;2uﬁ) 174}
3—-128—4/9— 136[3+400ﬁ2 3—128++/9—1368+40082
Ps {-4-3 2(=1+48) 2(=1+48) }
P duy —3+ug 2(—1+3uy) 1—Tug+10ud
4 (C1tua)(—1t2us)’ —1tus’ —1tus ’ (—1tus)(—1+2uz)
—6(1—2uz+u?
Ps {o,MﬂTM,quHug),@fﬁmg)}

Table: Equivalent eigenvalues for fixed points.




2-D Phase Potrait
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Evolution of Density Parameters
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Figure: Evolution of density parameters for the initial conditions: uz = 10~2-4%, uy = 0.01, ug = 1.28999,
u7 = 0.448 x 10712, The current densities obtained are: Q, ~ 0.28, Qpgr ~ 0.679, and Q, ~ 0.047




Results and Discussion

m We assume a functional form of F(R,G) and Hubble parameter, F(R,G) = aR?*G? and
H?(z) = H}[A(1 + 2)® + B + Cz + Din(1 + z)]. The Hubble parameter formula coefficients have been
constrained using the CC sample, the largest Pantheont and the BAO dataset.

m We derive the deceleration parameter ¢ and EoS parameter from our constrained values. For CC,
Pantheon™, CC + Pantheon™ and CC + Pantheon™ + BAO data, the transition redshifts are
2zt = 0.636, 2 = 0.656, 2z = 0.691 and z; = 0.74, respectively.Our result for the effective EoS parameter
at z =0 is —0.8478, —1.02, —1.224 and —1.47 for CC, Pantheont, CC + Pantheon™ and CC +
Pantheon™ 4+ BAO datasets respectively, is mostly in line with the current observational findings.

m For the dynamical analysis of our proposed model F(R,G) = aR?G?, there are a total of five critical
points obtained, two of which (Ps, Ps) are stable and five (P1, P2, P4) of which are unstable. The
trajectory behavior indicates that the unstable critical points act as release points while the stable ones
act as attractor points.

m Evolution of density parameters was plotted. The current densities obtained are: €, ~ 0.28,
Qpe ~ 0.679, and €2, =~ 0.047. Radiation dominance is shown in Figure at the beginning, followed by a
brief phase of matter dominance and, at the end, the de-Sitter phase.
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