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Abstract

This paper investigates the linear perturbation of material density of universe in f(R) modified gravity of
polynomial exponential form on the scale of distance below the cosmic horizon (sub-horizon). The results show
that the model for the evolution of universe is slightly different from that in the ACDM standard cosmological
model. These can be used to show the difference of this modified gravitational model with the ACMD standard
cosmological model and other cosmological models. We also investigate the ration of W/ ® and Gesr / Gy in the
model and show that they are within allowable limits of experiments.
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1. Introduction

In 1998, scientists have verified that our universe is accelerating from many observational data [1, 2, 3, 4]. In order
to provide an explanation for this accelerated expansion, scientists have come up with quite a few approaches
listed in two predominant instructions [5, 6]. In the first class, some specific forms of matter such as the
quintessence model [7, 8, 9, 10, 11, 12, 13] , k-essence [14, 15] and the Chaplygin gas [16] are causing this
expansion. In the second class, the change of Einstein’s gravity on cosmological distances as f(R) modified
gravities (see Refs.[17] for reviews) is causing the expansion.

We can test modified models of gravities of f(R) searching at background level and also at the growth of the cosmic
structures. When searching the f(R) model at the background level, we can find realistic models that have
sequentially the radiation, matter and DE eras very close to the ACDM one. While many realistic f(R) models have
been constructed, it should be regarded that these models could differ in the growth of material density
perturbations although levels of background structure are comparable.

In this paper, we investigate the evolution of material perturbation on cosmic time in a small class of f(R) modified
gravity, which called f(R) modified gravity of exponential- polynomial form. The results suggest that these
evolutionary aspects can be used to show the difference of this modified gravitational model with the standard
cosmological model of ACMD and other cosmological models. This article is structured as follows: in section 2,
we present cosmological perturbation in the ACDM standard universe model; in Section 3, we consider
perturbations of material density in f(R) modified gravities; in section 4, we investigate the evolution of material
perturbation in f(R) modified gravity of polynomial exponential form; in section 5 and section 6,we evaluate the
ratios W/ @ and Geff/ GN, section 7 is the conclusion of the paper.

2. Cosmological perturbation in the ACDM standard cosmological model

The metric of perturbed FLRW space- time in longitudinal gauge as follows [18]

ds® = —(1+2®)dt’ +a(t)* (1 -2¥)(dr’ +r’d&” +r*sin’ Od ¢ (N
In the matter dominated era, the non-zero components of energy - momentum tensor are
0
T;) :_pm_é‘pm’ 7-z"oz_pmaiv (2)

here pm and dpm are the material density and its fluctuation, respectively. v is the velocity of scalar perturbation.

From the Einstein equations, we obtain the differential equation for the commoving density perturbation

o= P +3Hav
P , 3)
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Fourier transformation of density perturbation is

d’x ro e
5.(t) = j =5t x)e"
27) )
here k is the sign of a co-moving wavenumber, in the following sections, is written as 6 for simplicity. The evolution
of & in Fourier space is given by the equation

é +2HS —47G,p,5 =0

) ®)
in matter dominated era, the equation becomes
5 42g 21 8 =0
3! 3-’ 3 : (6)
The equation has two independent solutions t2/3and t -1, we only note the growth mode t*?
t
5k (0= 50k (_)2/3 > 7
L
here is an initial value, itis o, (z,).
3. The perturbation of material density in f(R) modified gravity
In the f(R) modified gravity, the action has the following form [18, 19]
1
S =[d'x gl f(R)+L,]
167G, (®)

Here GN is Newtonian constant and Lm is material Lagrangian.

When f(R)=R-2A, we return the ACDM standard cosmological model. Below we consider Lagrangian
without cosmological constant and f (R) vanishes when R = 0.

From (9), modified Einstein’s equations are as follows:

1
FR, _Efg’” +(g,, WV V)F =8zG,T,

©)
d
F = l
here dR (10)
For like — dust matter, the background equations are
3FH? :%(FR—;‘)—eri +82G,p,, (11)
2F H = F - HF +87G,p, , (12)
Py +3Hp, =0. (13)

here the dot directs the derivative with respective to the cosmic time.

The differential equation describes the density perturbation in the sub horizon region is

O +2H6 —-4xGyp,8 =0

s (14)
here
2
ey
Co =11 F = F O
R1+3— —RR
a 1+ F, . (15)
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dR . ™ 4R
4. Cosmological perturbation in f(R) modified gravity of polynomial exponential form

podCR L &R

In this section we research the evolution of material perturbation in f(R) modified gravity of polynomial
exponential form. The action f(R) has the form [20, 21, 22]

f(R):R+a+%(l+bR2 +cR3)e’/”""

. (16)
with ¢ >0,>0m=n=La=-2Ab=c=1
Expanding approximately f(R) and with hypothesis that SR <<1
—SR __ _
We have e =1 ﬂR, (17)
F, :0{—3ﬂR2 —iz—z(ﬁ—l)ml}
R : (18)
Fop = 2a{—ﬂ+%—3ﬂR+l}
R . (19)
In the case, the effective gravitational constant has the form as follows
2
| 144 kz— m
G,=———9%R ¢
1+ F, k
1+3——m
a’R . (20)
RF,
m= RR
with Fe+l Q1)
RE,, 2a[3pR" +(B-1)R ~1]
1+ F, a+3aﬂR4+2a(ﬁ—1)R3—(0¢+1)R2. 22)
We investigate two critical cases
2
4.1. The case of ——m >>1
a’R
In this case, we have G ;= 1 GN'i , the model returns to the Brans — Dicke model with @, = 01[23]. In fact,
D1+ F, T3

2
the case kz_ m >>1 can be done in sub-horizon approximate k>>aH as long as m is not very smaller unit.
aR

The equation (14) can be written in the following form after change the variable

2

I+4——m
5"+(1—§w€”j5'—3 — 4R G 0,65 =0

2
22 e PR
. (23)
here N = Ina; ':izidt, (24)
dN H
and
2 H' 2 _ RF,
(oeffz_l___ Qm: pmz é::]z m m—ﬁ
~ 3H . 3FH? .7 @R . 1l (25)
2
With the condition kz_ m >> 1, the equation (23) becomes
a’R
o (13 '
't - -~aw, |0'-2G,Q,6 =0
2.2 . (26)

In the matter dominated era
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We choose the solution in the following form

0 =ca” +ca" . (28)

Solving (26), we have the solution

_— J—=(m+1[16(8m* +3m—2) = (4m+1)*]+4m* +5m+1
= 4(m + 1)2 ) (29)

A solution of the growth mode is g, =c.a" ,

i -+ D[16(8m® +3m—2) — (4m +1)*] +4m® +5m +1

+ 2
here Hm+1) . (30)
In matter dominated era, the scale factor a(t) depends on cosmic time t in the form

a(t) e t2/3 (31)
so the growth mode of mategial perturbation depends on cosmic time in the form
£
S =c,t’ (32)

with n+ like in the expression(3.0).

Figure 1 shows the growth mode of cosmological perturbation on the scale factor a and cosmic red — shift parameter
z=a,/a-1
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Figurel. .Graphs with different values of m,
they are compared to that in the ACDM standard cosmological model.

In figure.la, as m approaches to zero, the graph is significantly different from that in the standard cosmological
model; figure 1b is the graph in the Acbmstandard cosmological model; in figure lc, the perturbation 6 as a
function of redshift z; in figure 1d, perturbation 8 as a function of scale factor a(t).

2
4.2 The case kTRm <<1
a
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This condition is satisfied on distance scales that large structures of universe were made.

In this case, the equation (23) becomes

, (1 3 , 3
o +(§—§a)eﬂ.j5 _EQmGNé‘:O

(33)
Solving equation (33), we obtain
1| [@4m+1)? 126, 8m* +3m=2) 3m X 1| [(am+1?-12G, 8m* +3m-2) 3m X
4\ (m+1)? m+1 ) (m+1y? m+l
' o=c.a +ca (34)
The solution of the growth mode is
1| [4m+1)’-12G, (8m*+3m=2) 3m 1}
4 (m+1)? m+l
0 =a V
, 35)
or in the other form, it depends on cosmic time as follows
1{ [@m+1)> <126, 8m*+3m=2)  3m 1}
6 (m+1)? m+1
o =t V
(36)

When m=0— 8 o qoct??.

Figure 2 shows cosmological perturbation in the growth mode on the scale factor a and cosmic redshift paramete
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Figure2. Graphs with different values of m, they are compared to that in the ACDM  standard cosmological

model.

In the figure.2a, as m approaches to zero, the graph is the same with that in the standard cosmological model, when
large m, graph is significantly different from that in it; the figure 2b is the graph in the ACDM standard
cosmological model; in the figure 2c, the perturbation d as a function of redshift z; in the figure.2d, the perturbation
d as a function of scale factor a.
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5. The evaluation of the ratio ¥/ ®

In this section we will re-evaluate the ratio of the scalar functions W/® in this model and compare it to the
experimental constraints. We have [24],
k* F,
1+4— &
_ a” 1+ F,

= F
® l+2k— Fre

a* 1+ F, I 37)
here k = 0.0ThMpe ! ~ 102! ; h = 0.72+0.08,R~ 10 m 2, @ =9x107" [21].
In the present time, the scale factor a =1, so we have in f(R) modified gravity of polynomial exponential form
FROC—%;FRRocz—Oj; Fin o 2aR™
R R 1+ F, (38)

therefore ¥/ @ =1.

In the early stages of the universe, the cosmic curvature is very large, the scale factor a is very small, if

2
m>>1 With m = RE , we have
a’R 1+ F,

Y. (39)

The experimental data when k = 0.01hMpc'and a = 1[24],

1<F <1.996
@ (40)

The ratio W/ @ in this model is within the allowable limits of the experiment.
6. The evaluation of the ratio Gerr/ GN

In this section, we calculate the ratio of the effective gravitational and the Newtonian constant and compare it with
the constraints from experiments.

We have from formula (15),

2
1 1+4k7%
Ge/] az - RGN
1+ F, 4 IL Frr
2

In the present time [21, 24], R:107"m™ , the scale factor g =1, we have

1 a
F, :a[—?aﬁRz _F_z(ﬂ—l)RH}z—F

; (42)
1 2a
FRR = 20{‘:—ﬂ+ﬁ—3ﬂR+li| = F
; (43)
with k =0.01hMpc™' ; h = 0.72+0.08.
with k=0.01hMpc™ ; h = 0.72+0.08.
Here a,  have the values [21],
a=9x10"7;f=7.67x10" . (44)
Cor oy
we have Gv (45)
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In the early stages of the universe, the cosmic curvature is very large, the scale factor a is very small.
When BR=1-—-1<R= 10"m", we have,

F, :a[—w}ez —%—2(/5’—1)13“};—20:13

; (46)
Frr =20{—ﬂ+%—3ﬂR+1};—6aﬁR
R . (47)
2
If kz—m? 1 with s = RF e , we have
aR + Iy
G,

g 433

v 3 . (48)

The constraint on the present time is [24],

G,
1<~ <1.403
Gy : (49)
The constraint in the recombination epochs is [25],

%—1<1.9x10'3(95.45%C.L.)

o

Gre 1 5:5%107(99.99%C.L.)
G, (50)

We see that the Gerr / Gy ratio changes according to the evolution of the universe, depending on the scale factor a,
which has the largest deviation from unit at the early stage of the universe, but it almost coincides with unit in the
current stage from this model.

7. Conclusion

In this article, we have used analytical method and numerical calculations to investigate the evolutionary aspects
of perturbation of material density in f(R) modified gravity of exponential — polynomial form. The evolutionary
aspects in this model are compared to that in the ACDM standard cosmological model. The results show a
significant difference in the evolutionary aspect of perturbation in this model versus the standard model and can
be used to distinguish it from the ACDM standard model and other models. The ratios ¥/ ® and Gesr / Gy in this
model are also within the allowable limits of experimental constraints.
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