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1. _How to accelerate the cosmic expansion?

Since the end of the 20™ century,

when the observations of type la SNe were carried out,
one of the most important unsolved problems

In cosmology Is:

-~ B
What is the cause of the acceleration of

the cosmic expansion
. )

19 July 2019 Inhomogeneous Cosmologies IV, Torun



Theoretically possible candidates for the solution:

KExotic matter or scalar field \

— quintessence, phantom, k-essence, DBI,
Chaplygin gas, condensate, ...

« Gravity modification
— scalar-tensor theories, f(R) gravity, Horndeski,
massive gravity, Proca, ...

* Inhomogeneity

\ — backreaction, void, ... /
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2. Post-Newtonian parameter(s)

® Defined in Parametrized Post-Newtonian (PPN) formalism

® Derived from weak-field approximation in generalized
gravity theories

® Useful in exploring the deviation from Einstein's GR

[Y, B, o, &, 0(3,...]

ds*=—(1+2®)dt’+a(t) (1+2¥)5,dx dx’

[ y:=—Y¥/® ] e Appears in the lowest order

e y=1 in Einstein's GR
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4 N
Experiment by Cassini

y—1=(2.1+2.3)x10" (Bertotti et al 2003)
. /

In modified gravity for small effective mass M of a scalar field

y ~1/2 (Chiba 2003; Olmo 2005;
Chiba, Smith, Erickcek 2007; etc)

Design the theory in such a way
that M is small at the cosmological scales,
and M becomes large at the local scales

ravitational screenind mechanism
e.g. chameleon mechanism

Y approaches unity at the local scales
(Capozziello & Tsujikawa 2008)
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Examples of chameleon f(R) models

(RIR)" -
f(R)= R—xRC(R/R o (Hu & Sawicki 2007)
R\
f(R)=R-AR_|1— 1+E (Starobinsky 2007)
L . . —R/RC
f(R)=R }\'Rc(l € ) (RCNHg)
r 2

f(R)=R-E(R), E(0)=0
E(R>R_) — const
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(i) E(R) = LR,

2.5¢
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3. _Cosmological post-Newtonian approximation

(Futamase 1988, 1996; Shibata & Asada 1995;
Takada & Futamase 1998, 1999)

Two small parameters ¢ := , K= —

At the local scales K< e <1
e.g. the galacticscale e€~10", k~10""

izvch = O0(H’€’Ix’) = 0(H*-10%)
¢ Amplitude of density perturbations

J n li ven if curvature an nsi
is large compared to the background
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Metric

ds’ = —(1 —|—2<I>)dtz—l—a(t)2(1+2‘I’)6U.dxidxj

Curvature R~ Ry+ R
| )
Ry :=6(2H* + 0,H) << R:=-=V*(d+2V)
I

(

_Cf In conventional approaches, Taylor expansion
has been used for /' (R) gravity:

f(R) ~ f(Ro)"l'f'(Ro)Rl for R=R,+R,
| R,> R, |
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4. _Demonstration in f(R) gravity

- 1
Action: — ot
S 16“fo(R)\/ gd'x +8_
Field equations:
1 "X m
F(R)R,, == f(R)g,,~F(R),,,+g, F (R, =8nGT)
F(R):= f'(R)
In the case of Einstein's general relativity with A
f(R)=R-2A, F(R)=1
In the case of /(R) gravity
f(R)=R-%E(R), F(R)=1-%'(R)
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The field equations

F_. Lo
_EVE{{I}—III)—F—‘szIIjFﬁi[;(I} lI!) j = SrGp .

] L

F | __
(B +T) 4+ — (Fig— Falj — F0,;) =0,

a= a a
(ignored the terms including the time derivative)

For the spatial derivatives of F
JF‘___E' = Rﬂ-_@RF ~ Rii‘)ﬁF .

U

1 |
—vzummu—(VEPrJRFHW) hF) — VR - VUIgF = 0.

a2 02
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Order-of-magnitude estimation

F_5 1

2 2 4

| \

e o E L , o9, ; 64
f] — (;S)Hg‘? 1 — "}|, H@gg {1 — 2";*")(355|1 Hﬂg_{l - 2’.}:}2|{:~555 : HSEH:[ _ 2’.}}(;55 ;

K6

f(R)=R-ARC(R), F(R)=1-AC,

[M1>>51] s:=RIR, T :=0C/ds

' 4
[ Sl = ly=1]~10"", Icssslﬁﬁly—llﬂo‘lg]
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Expression for the post-Newtonian parameter:

Bz
o d3z’ -y
e 327Gp(x') — FR(x")]
2 _ o
R = —-=V" (P +2V)
a
, o ot STGM?
VIR — M’R +p(VR)’ = —— =

M’ :=Fa’I3F', w:=F'"'|F’

\

(effective mass of the scalaron squared)
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Spherically symmetric case

ne (0<r<r,)
- T = §
Top-hat model p(r) { 0 (r>r)
PR 20R . OR\?  8rGM?
TU RSy (a) R
Solution:
R0 Re+:In(l+21sinhMr) 0<r<
ATr] = 3
( ﬁ]n(l + %D_ﬂ”) lFr 2%, )
_ 14+ Mr, —uR, —Mr,
Ay = 507 (e — 1) e
1,
By = — (e™ — 1) (Mr, cosh Mr, — sinh Mr,)
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Taking the leading order in Mr.>> 1,

1. 2 coshuR, — 1
M Fiy 1R,

e | 2 coshuR, —1
jl_[r* f—fﬁ’*
02 F hqqs R-k hqqq
e Q : IRy = Qﬁm
()RF RC(\% Rc(x_ss

can be huge, depending on models

Inhomogeneous Cosmologies IV, Torun

15



5. Conclusion and outlook

» Improved method for obtaining PPN parameters has
been proposed using cosmological post-Newtonian
approximation

» Cosmological post-Newtonian approximation can be
applied to high-curvature and -density regions,
and thus useful for the case in which the gravitational
screeing mechanism would take place

» More stringent constraints obtained than known ones

» Higher-order approximation for other post-Newtonian
parameters
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