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o Improves Renormalizability

o Offers explanation for the early and late time accelerated phases of the expansion of the universe

o Extensions of Einstein-Hilbert action

o Insertion of Extra Scalar Fields (Scalar-Tensor theories)

o Alternative Geometries beyond Riemannian framework of GR

o generalised metric structures in a Vector Bundle

@ Scalar Fields as fibres (internal variables)
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o A pseudo-Riemannian 4-dimensional spacetime manifold M of Lorentzian metric, with two scalar fibers: ¢!, ¢?

¢! ¢?

o local trivialization: O X ¢! x 2, {x#, p*}
@ coordinate transformation: x* — x’#(x), ¢%(x) — ¢*(x') = 6Z¢b (x)
@ The structure group is the trivial group

Spyros Konitopoulos, Emmanuel N., Saridakis, P.C. Stavrinos, A. Triantafyllopoulos, Phys. Rev. D 104, 064018 (2021)
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e Vector Bundle: (F°, 71, M) TFS
o Tangent Bundle of FO: (TFS, 7, F°) Tp6
o Vertical Space: ker 71, = (VF°, Ty, F%) C TF® T
@ Connection C: TF® — VF% ™ Jad
@ Horizontal Space: ker C = (HF®, 17, F%) n
o Whitney Sum: TF° = HF® & VF® ’
The Connection C is, in general, non-linear. M
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@ Projects onto the vertical space (Not necessarily linear),

C: TFS — VES, (x, % X%, 4% S (x4, 7,0, C(x, y, X, 4))

@ Representation
Ch =4+ th(x, G

6 d ) a d
ﬂW) il A2

o

@ Transforms like a vector,
o ax’ o
ox'H — Ox'H ox¥ @
@ Is non-commutative
[Xar, Xn] = Wh  Xp

@ Jacobi Identity X " S
OM,N,L Xy W N T w MS(WNL =0




o Covariant Derivatiive (Parallel Transport)
VnXy = I‘ﬁlNXL

@ Metric
G = gy (x) dxt ® dx” + vgp(x) 5 ® 5P°, Vap(x) = SapP(x)

o Metricity Condition
1 _rL
VuG=0= I‘LMN = EG (XpGNR + XNGrar — XrGun)

@ Connection

rLMV {L yv' av: Ccyb/ C }

° Curvature K K K R K R K R 1K
RE v = XLy = XNy + T T = T T oy = W T 1k

@ Torsion

gL _ I
Tuv =W

@ Ricci Tensor

_ @ ol L L TR L TR L R
Rov = Rovw = X Ty = X0 0 + T 1 =TTy + T00n Wiy
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1
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The geometrical properties of our model can be viewed as additional terms to the energy momentum tensor and therefore, in the GR
framework, interpreted as effective dark matter. Just take extra geometry to the right side.

B =iy = (T 7, )

1
K

7'(¢;)w == [E¢ ) (5&53) _nggw) (DK Wra~ bech/\c) +0%gu Cyy WAC]

9/12



Cosmological Implications

Additional degrees of freedom
anholonomicity of the adapted basis
FRW metric on F°:

G = —dr®dr+a*() (dx ® dv + dy ® dy + dz ® dz) + (1) (5¢>“> ® 00 + 502 ® 6qb(2))

matter sector (perfect fluid):
7;11/ = (pm +Pm)Y[JYv + Puguv

Friedman’s Equations

3H? +3H(% = W+) = W+9 + ¢—2 = 81Gpm

¢ 492
. . ¢? ¢ 1 Coo
2l + (W) = Wy — E +H(W+ - a) "% (W+¢ —Z(P) = —8nG(pm + Pm)
% ((}5 +3H<f)) - % (3W+ + %) +6 (H+ 2H2) —6HW, + 200, ) —2W, = —87GT

where, W, = W”Oa
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O

3H? = 871G (pm + pef) )
2H = 871G (pm + Pef + P + Pef) ©)

o Effective Dark Energy

19 ¢ ¢
Peﬂ_%[$W+_W_3H($_W+)] @
1 . ¢? 1 . A

Pap= a2 s = 2, - et (4t =372+ 25 | ®
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> —1, Quintessence
Wef= — =4 < —1, Phantom regime (Big Rip)
Pety =-1, Cosmological Constant

=B=; T 1

Figure: The evolution of the dark-energy equation-of-state parameter wpg as a function of the redshift z, for various small corrections F. We have imposed
the initial conditions Qpg(z = 0) = Qpgo ~ 0.69.
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