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~Cosmic acceleration

Kowalski et al. (2008)

-

SNla
—> Accelerating expansion

EoS w= P/p>—-1/3
—> Decelerating expansion

>

New component

. . | .
: R.MV v - EQMVR = 381G (® 777

Cosmic acceleration probl«lam:
What'is responsible for
accelerating expansion?
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~ACDM model

Cosmological constant A causes accelerating expansion.
= Action |

. - mDE _
Dark energy TlW —= "

, W
. 8nCG » PDE

(New) Cosmological gonstant problem:

Fine tuning problem ~ 10129, - .f... " e 2
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“Approaches to cosmic acceleration problem
' ® N\CDM model
d*e/=g(R — 2\) + S
167TG/ 9 ) 1 Sm
(] I\/Iodlfled matter ( modlfy r.h.s. of Einstein eq. )

d*z\/—gR+ Sy + S
167rGf g R 3o, 2
@® Modified gravity ( modify I.h.s. of Einstein eq. ) .

4
= [a*oV=g i (R) + Sm

® Inhomogeneous model ( modity cosmologlcal principle )

Zero point energy problem (Old CC problem)
We need other mechanism. .

v



o . *
F(R) gravity
Function f(R) causes accelerating expansion.
= Action |

167TG/

= Field equation

l.e ~
g 1 ‘ *
1 1 .
DE __ -
Tm/ .—% [(1 po~ F)Ruu — '_(R = f)g/w

. A
—I_ (V;JJVI/ gw/V VA)F] : . 6"




. 2

“Viable conditions -

= Enough past = ACDM model
R> H3, f~ R— const.

= No cosmologica] constant
R—0, f—0

= Stability of high curvature regime
R>> HE, F' >0

= Effective gravitational coefficient is positive.

VR< oo, F>0

I Reproduce GR
VR < oo, F < 1

= Pass local test |
R~ H§, |F — 1< 1

+
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de Sitter solution -

Trace of the field equation
30F — RF + 2f = 87GT

The de Sitter solution,is o_btained by substituting
R = R = const.

> de Sitter condition -

R1F1 =2f;

‘where f; = f(Ry) and Fy = F(Rl) = f (Rl) .

Effective dark energy is
R
8nGppEg,1 = —8nGPpE1 = Tl
wpg,1 = —1 h .

+
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Perturbation around the de Sitter solution

.

First order perturbation with respect to 0R = R — R1 gives

SR+ 3H,6R + ~ (_F_} _ Rl)m _o HM, Starobinsky
| 3\ Yokoyama (in prep.)
» Stability condition
. m "
F]_ | F_Z.I'. <Ry F_i > Rq

F_1>R1 | =
. §.

> Oscillation condition

F 25 . — < —Rl =y > _Rl
41 > "R, 16 F{~ 16
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“Viable f(R) mode'i

= Starobinsky model

. R2\ "
f(R) = R+ AR (1 n ﬁ)

model parameters : n and A (R 5 Rgp )

high curvature limit :

S

Starobinsky (2007)

—1

f(R) ~ R+ \R, [(Rﬁ)_zn _ 1] ~ R—

/\CDM limit :

largen —> f(R) NR AR

large A —> small Rs
- —> large R/ R

— f(R) a R )\Rs
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1.

";éry of section 1

Ihfr_oduction of f(R) Gravity '

-'Miiﬁic ACDM model without cosmological constant.

: Vlable conditions restrict the form of f(R)
2. Background Universe

3.  Density Perturbation

4. Summary
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Testing modified gravity

Cosmological scale
.~ 1Gpce:
. Expansion history

Local scale
~1AU: ..
Solar system . o Wk T

Intermediate scale Xk e f]
~ 100Mpc: \ Rt 7 T
Large scale structure
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“Equation of state parameter wpg (z)'

" If wpg = const., |
observational constraint is close to Wpg = —1

ACDM\

&

Komatsu et al. (2010) - .
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ime variation of wpg(2)

Time variation of wpg Is still allowed.
Crossing the phantom divide wpg = —1.

= CPL fitting
War

14 2

‘Chevallier & Polarski (2001)

B WMAP+H,+SN

B WMAP+BAO:H,+SN Linder (2003)

[] WMAP+BAOiH,+D,+SN

Komatsu et al. (2010) . i4
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‘Phantom crossing in Starobinsky model

+ Starobinsky model

f(R) =R

Phantom

crossing

AR

n=2 A=0.95 ——

n=3 A=0.73
n=4 2=0.61

ACDK sesssssssss

—n
) Y
= CPL fitting
wO Wa
-0.92 -0.23
-0.94 -0.22

096 -0.21

H.M., Starobinsky,
Yokoyama (2010)
: | < 2 15
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mary of section 2
. ¢q- ’ .' . ‘ ! .
"1. Introduction.of f(R) Gravity
-'Mimic ACDM model without cosmological constant.
. Vi'ab,le conditions restrict the form of f(R) .

2. Background Universe
- Vjable f(R) model exhibits phantom crossing.
- Time dependence of wpg(z) fits the observation.

3. Density Perturbation

3

4. Summary

2
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“Density fluctuations

Large scale structure is
constructed from
density fluctuation o. -

_ %p
0

0

“We can study its
pro'perties in f(R)
gravity by using
linear perturbation.

->

The genter for. Cosmological Physics

-

*

>
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“The evolution equation for density fluctuations

" = ACDM model
51{ —|— 2H6k’ y 47TGp5k — O

. f(R) gravity ~ * Tsujikawa (2007)
51{ : 2H5k — 47TGeff(k)p(5k =0

Effective gravitational*coefficient

, ~ k2 3F'
G| 1 2 F
Geff(k) = E 1+ 3’ (;L L2 3
| A 1 I C?,Q F‘_
G/F (3k?F'/a?F <1)
4G/3F  (3k2F'/a2F > 1)

*0 b 18
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“Time evolution of effective gravitational coefficient

n f(R) gravity
5k —|— QH(Sk — 47‘(‘Geff(k Z)p(sk — 0

k=10 hMpc™’
k=10"" hMpc’
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| ‘ | dlog,éi i
“Growth index v(z)  B(2) = TP Qm(z)’Y( )

growth indexy(2z) (ACDM: almost constant y(2) ~ 6/11))

f(R) gravity: v(z2)
PPl - | time and scale dependent

L Clusters+SNla+ CgﬁfersB*Ao { - k=10"> hMpc™’
+ +
+BAO+CMB a k=10"" hMpc4

I I I I I I ' - -1
005 01 015 02 025 03 035 0.4 osl| k=t hMpe

ACDM o
2 N . |
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ransfer function in (&) gravity

Scale and time dependence for y(2)
= Additional transfer function

s

a 2
Q O
< =
= -
“-“ ~
$]

o o
= -

It gives scale dependent enhancement in power spectrum.

--- compare it observational data from SDSS DR7.
.. 21
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Komatsu et al. (2010)

= Cosmological parameters: WMAP7/ data

-0.3 :
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

k / hMpc
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~Massive neutrinos

= Free streaming scale

0.35 my \ [ Qm \ 1/2 I
bele) = 1P ('1 ev) (ﬁ) » Mpe

Massive neutrinos break the structure below kss .

= Bounds for total neutrino mass

0.058eV < ) my < 0.3-06eV
< 0.58 eV (WMAP7 only)
™~

. *‘.°

*
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1. Introduction of f(R) Gravity
-Mimic ACDM model without cosmological constant.
- Vi'ab.le conditions restrict the form of f(R).

2. Background Universe
- Viable f( R) model exhibits phantom crossing.
- Time dependence of wpg(z) fits the observation.

3. Density Perturbation |
- f(R) gravity enhances the structure formation.
- v(2) (Gefr) depends on time and.scale.
- Massive neutrinos are allowed without scale
dependent bias in f(R) gravity. -
« A
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