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Motivation
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Alternative theories, theory and observations

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern  Dark Ages Development of
380,000 yrs. | Galaxies, Planets, etc.

1st Stars
about 400 million yrs.

Big Bang Expansion

13.7 billion years

A brief history of universe // James Webb Telescope
https://www.nasa.gov/webbfirstimages
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Perturbation theory

Consider a 5?her.‘caﬂ Cow
of radius K ... @
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General relativity and modified
theories of gravity f(R),
f(Ra R/U/lea RuupoR'IWpa)
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Einstein field equations

The action:

S= ;I?z/d4xwng+/d4x£M(guu7WM)- )

The Einstein field equations

1
Ry — iRgW = 1Ty
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Field equations in f(R) modified theories of gravity

The action in the metric formalism in f(R) modified theories of gravity is:

2/?2 /d4XV f /dAX‘CM Qum ‘UM) (2)
The field equations in f(R) modified theories of gravity
1
z,uu = f(R)R,LLU - Ef(R)g,ul/ — v,uvl/f(R) + guVDf(R) = HZT;W-

We have the Einstein gravity when f(R) = R. For the boundary term see Guarnizo,
Castaneda, Tejeiro (2010)
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We consider the general Lagrangian

1
S=:p / d“Xv/=Gf(R, RuwR™ , R po ™7 ) + / Ad*XLm(Gpur, Vi) (3)

The field equations

1
pHv — ifgw + fxRM + zfyRﬂ(MRV)p + szRfsfm(uRM)pgé

+ fxipe (9977 = g#79"7) + O(fyR™) + " (fYR"?)p0
- 2(fYRp(M);V)p - 4(]CZRJ(IW)IJ);M = HZTMV
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General relativity and modified

theories of gravity f(R),
f(Ra R/WRMV7 R/J,VpaRMVpU)

Constant Ricci scalar
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Constant Ricci scalar

Theorem
Letf: R — R be a function such that f € C', r > 1, and f(R) # 0. Also, suppose
a constant Ricci scalar with constant value R = Rq. Then, the field equations for
f(R) MTG in vacuum are reduced to two possibilities:

1. GR field equations without cosmological constant if Ry = 0.

2. GR field equations with non-vanishing cosmological constant if Rq # 0.
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General relativity and modified

theories of gravity f(R),
f(Ra R,ul/R'uya R/J,VpaRMVpU)

Spherical symmetry
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Perturbation theory
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Definition of perturbation

N=RxM

2%

E(ga,7x) = 0o, N
g My X5Ta :To+/\£xT—}—§/j)2<T+.,.
@ M NQO
) =THAT+ T
§ 2!
_ X
E(go,70)=0 —TO + AT}\
Mo
J. A. Schouten(1954), Bruni et al (1997)
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The scenario

N =RXM

%,1(8,1, ¢z1, 7/1) »

15

Xo

5

& (8o, 70) *

20
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Perturbation theory

Third scenario
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Let P and Q be two tensors

P :(/g)+A(/1D)+§—f%)+--- (4)

0 =02 Q+5 Q- (5)
thus, it can be see

N U N DI GR))

Pa= YN <,.>p 0 (6)

then, the n-th term of the perturbation of the multiplication of P and Q is

(n) n (i) (n—=i)
PQ=Z<7>P Q. 7)
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Procedure

_ —_ 1= - - = _-
Z/w :f/R;w - imuy—vuvuﬁ+guumﬁ (8)
where
- @ O )
N Ry e ()
— @ O )
Foo=faaf45f+- (10)
0 1
© O e ()

g;w - g;u/ g/ﬂ/ o7 Q,w+

(0) (1 32 (2)
Ruv = Ruw +ARuw +57 Ry + - (12)
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Field equation to n order

(n) "or/m\ O - (i) (n—i)
£S5

i=0

Molano, Villalba, Castaneda, Bargueno
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Starobinsky

Theorem

Let ¥4, = 0 be f(R) MTG field equations in vacuum for the model f(R) = R + AR?,
then iab = Gab~
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Theorem

Let ¥4, = 0 be the f(R) MTG field equations in vacuum for the model
f(R) = R + AW(R), where W(R) is analytic in a vicinity of A = 0, and W(0) = 0.
Then, L4 = Ggp In vacuum.
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Discussion

*80

Vacuum

f(R)
solutions
Vacuum GR different of
solutions GR
solutions

.

Solutions are
disconnected
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—_ e~ ﬁ = 0?
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Solutions are
disconnected
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Actual work
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General combinations of Ricci and Riemann curvature

Theorem

Let Pg, = 0 be the vacuum field quations in f(R, R R*) MTG for the model
f(R,RuwRH) = R + AW(R, R, R*), where W(R, R, R*) is analytic in a vicinity of
A =0, and ¥(0,0) = 0. Then, Py, = Gy, in vacuum.

R,R.,R*™) =R+ A(R, R, R*") — disconnected
Jz ©

F(R, RuwR*™ , Roppu R7PHY) = R + AW(R, R, R, Ry pps R7PHY) — connected
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f(R) and Scalar-Tensor as a particular case

Corollary

Let Y, = 0 be the f(R) vacuum field equations for the model f(R) = R + AW(R).
Then, ¥4 = Ggp in vacuum.

Corollary

Let ¢, the vacuum field equation in the scalar-tensor theories of gravity with
density Lagrangian of the form £ = R+ AR — V() with

V(¥) = x(¥)(1+ M) — f(x(v)) where we assume ¢ invertible and i'(x) = ¥,
then W, = G,
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Weak-field limit

L =R+ aR? + BRuR™ + YR po RMP7 (14)
where qa, 8, and v are constants. Utilizing the well-known result that the
Gauss-Bonnet is a total divergence, we can rewrite (14) as

L =R+ R + BiR,, R (15)

with a redefinition of constants a;, 3.

Corollary
Let f’u,, be the field equation of the Lagrangian density given in (14), then

P = G
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Conjecture

If the geometric part of the family of the Lagrangian

L9 9uv,05 Guv,os, - - -) = 0 in the background, where Lo = R, then the class of
solutions is either GR or another solution that is disconnected from GR or not
analytic with respect to X in vacuum.
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For the case of a nonlinear form of f(R, R, R*, RWU(;RWU‘S), a new system of
differential equations arises for the perturbed quantities. For instance, at first
order in vacuum, we have

MmO @O @ © 0 0 O

pHY — RI¥ —5 R gt +4 Wz ROCPIURY) 5 8V, V, W, R7WP = @ (16)
for the case f(R, RuwR*™, RwosR*7%) = IR + AW(R, R, R* | R 105 R#7%). Notably,
the last two terms in (16) exhibit characteristics resembling a non vanishing
energy-momentum tensor.
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Gauss-Bonnet gravity
_ ,Jz/dl*x’ /=g [;R + )\f(g)} + Su. (17) R

where G = R? — 4R, R + R,y po RIVPO.
+0(\?)

Consider f(G) = (G)" then the first order solution

2om 37711670 —1)6M (S4£)" (6 — 1)6M — )
= -1
gt + ; +A (20— 1)

_26m |3 16" — )M (GW) ((2n(7 = 12n) + 1)GM + 61(2n — 1)r)
gr=1m=7 (20— )2 (r — 26MY?

Universidad de Universitat d’Alacant - . ) . . S
mlosAndes E Universidad de Alicante Molano, Bargueno EREP Spanish and Portuguese Relativity Meeting | 24/2



Summarize

Exact
So'“;\i/l"fl':‘é Disconnected Vacuum
solutions Solutions in
[ IRREEEE R - 3 ﬂ' f(R, Ry R™)
: ' > GR v
Post /\_,__: Bost | %,70 = R+ AV (R, R, R")
tNI"evvtoman ~ Newtonian ! vacuum
eory : theory | Z\ Solutions
GR ! MTG : G»'H;j; x
|
~> Non-analytic Boundary
)\ solutions layer
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SCAN ME

THANK YOU!

QUESTIONS?
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