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Introduction I

Observations of type Ia supernovae give us the information about
background evolution of the Universe.
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Introduction 11

How to clarify which model describes the nature?

» Background evolution of the Universe (SN Ia, CMB, BAO, ...)

However, the formalism, " reconstruction,” have been developed 1n dark
energy and modified gravity models. Therefore, we can not find the
differences between models in the background evolution of the Universe.

Ma 2dF Galaxy Redshift Survey n®

* The matter density pertyrbation
(LSS, Microlensing of the galalii__i'ﬂ_ﬁ and quasars)
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Introduction 11 L. Guzzo et al., Nature, 451, 541 (2008)
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The ACDM model



FL equations 1n the ACDM model

L : 1
Emstein equation: R — 5 Gy R=—gu,A+ ﬁ,ﬂTMy. K> = 8TG

Metric: ds? = —dt? L a-g(f)(iijdi‘idﬂjj .
Friedmann-Lemaitre equations

3H? = Kk%p + A,
. P: Energy density
—a®0;;(2H + 3H?) = k*a*5,;p — a0, A, p: Pressure

H(t) = a(t)/a(t).

The equation of continuity Equation of state parameter

p + 3(1+w)Hp = 0. w=p/p



Perturbative equations

T T

OR" — 6”#16R — k20T
2

Newtonian gauge ds® = (—1 4 2®)dt* + 6;;a(t)*(1 4 2U)dz"da?

Finstein equations 5T — — 6p,
(0,0) —6H*® — QE—;I! — 6HOy = — k%dp, 5T, =(p + p)du;
(0,i) 20,(H® + 8p¥) =x2(p + p)dus, 0Ty =—a™>(p+ p)dus,
(i,)) a”%0:0;(® — T) =0, (i # j), oT'; =0';p,

. (i—: + if*' —2Hd) —4H — 652) o — (iz + if" + 20000 + 6590) !

1,1

—x2dp, (not summed with respect to i),
The equations of continuity
(0) 6p+3H(6p+6p) +a0:{(p+p)dus} +3¥(p+p) =0, &=35p/p
(1) a30p{a*(p + p)ou;} + 0;6p — (p + p)9;® = 0. 2 = op/op



Subhorizon approximation

Quasi-static approximation Small scale approximation
b~ Hb, ) ~ Hib, 5 ~ HS, H ~ H?. a’k << 1/H
o . e.g. Virgo Supercluster:
Einstein equations a/k = 33 Mpc
2

(0,0) ~6H*® — 2%‘1’ —6HO U = — k*dp,
(0,1) 20,(H® + 99¥) =r>(p + p)dus,

(i,)) a~?0;0;(® — ) =0, (i # j),

k2 9,0, ; IY;)
(§+ - —2H60—4H—6H2> P — (ag e +26‘o@o+6Hé‘g> !

(1,1)

—x2dp, (not summed with respect to i),
The equations of continuity
(0) 6p+3H(6p+dp) +a0{(p+p)du;} +3¥(p+p) =0, &=235p/p
(1) a30p{a*(p + p)ou;} + 0;6p — (p + p)9;® = 0. 2 = op/op



o+ 2H6 — %Qmﬂ?a ~ 0,

I Consistent

Small scale approximation
H <<k/a

2k* 3 k2 -1
—I—{GEHQ—E(l—l—w)(quSw)ﬂquO((HQHE) )}5:

Growth rate
f=dlnd/ dN = 1 in matter dominant era.




k-essence model



k-essence model

i | 1
S:fd‘iirv_g{ﬁ_K(Q:X)_FLmatter}: XE_§8H¢8ﬂ¢

Metric: ds? = —dt? + a.g[t)ﬁ.ijdirid:cj.
FL equations

3H?

— =K — K x + pmaer . K.x = OK/aX,
- K o= OK/OQ.
2H ) s @
— 12 — @21{,){ + (1 + H")pmatt.er y

EoM: 0=3H¢K x + (K x + &*K xx) — Ko+ ¢*K x4,

The equation of continuity
.-'{:'matter —|_ 3(1 —|_ H")Hpmatter — D . W = p/p



The differential equation of the matter density perturbation

d*o d36 d?o )
m‘l'ﬁafgm T Jfgm T fl-fl IN

+ Mob =0
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H(10K x + 3K xx)(6K xx + K 4x) 30K x
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WKB approximated solutions

Small scale approximation H <<k/a
cg —w =0

Quasi-static solutions

(5 (13, N0 30
g 2 )N T2 T N

= Ina
Oscillating solutions
N N
T 'C k T - C ;1
C3(N) cos [ f dﬂ-’{;] + Cy(N)sin [ / AN' ]
d d 3 d
In|C(N |
v M ICN =g ol = T
T ‘+—d1 4K x + 02K xx|
1dN X {’D LXX| T n|4K x +¢°K xx

Sound speed in k-essence model: < = (o) x/(ps),x = Kx/(Kx + ¢ K xx)

Quasi-static solutions are same as those in the ACDM model at leading order.



An example

Exponential potential quintessence model
C. Rubano and P. Scudellaro, Gen. Rel. Grav. 34, 307 (2002)

K(@X) =-X + Bl 72

Effective growth factor )
d d @

i In |C3(N)| = N In|Cy(N)| = o

feﬂ =

1 3
a®(t) =(urt + ug) (Z-ulf;EBEtB — 1?_:.2;{.232?52 + v1t + ‘1.?2) :

Y | V3K %-ulﬂ-zBEtB + %HQF{-EBEtE + ot + vy

limy_0 fer = 3/2 limy_, o fer = —3/4
—3/4 < for <3/2 fer(to) = 0.21

Oscillating solutions are dominant mode 1n this model.



Growth rate function, fq (z)
—
on

L. Guzzo et al., Nature, 451, 541 (2008)

Growth rate
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F(R) gravity



FL equations in F(R) gravity

, 1
Action: S =-—— [ d'z/—g[R+ f(R)] + Smatter- K2 = 8TIG

22

Metric:  ds? = —a.?(n)(—dng + 5ijdz:id$j ).

Friedmann-Lemaitre equations

0t fa) %(R+ f) - %f& = —K'p

a2

%(H* +2H%)(1 + fr) — %(R +f) = %{?{f}g + fr) = KCwp

w=pp H = dfa R =6a2(H +H? fr=df(R)/dR

The equation of continuity

o'+ 3(1+w)Hp = 0.



Viable models of F(R) gravity

W. Hu and 1. Sawicki, Phys. Rev. D 76,064004 (2007).
c(R/m?)"

J(B) = —m co(R/m?)" + 1

A. A. Starobinsky, JTEP Lett. 86, 157 (2007).

f(R) = AR, ((1 + i—z)_n - 1)

E. V. Linder, Phys. Rev. D 80, 123528 (2009); G. Cognola, E. Elizalde, S. Nojiri,
S. D. Odintsov, and S. Zerbini, Phys. Rev. D 77, 046009 (2008).

f(R) = —cr(1—e /"),

The parameters in these models are tuned to be |fr| << 1 to satisfy local
gravity constraints, and |fre[k*/a* << 1 would be satisfied as a result of it.



Best fit parameters

Best fit models to the Sloan Digital Sky Survey (SDSS) and the seven years data
of the Wilkinson Microwave Anisotropy Prove (WMAP7)

V. F. Cardone, 5. Camera, and A. Diaferio, [arXiv:1201.3272 [astro-ph.CO]]

W. Hu and 1. Sawicki, Phys. Rev. D 76,064004 (2007).
2 a(R/m?)"
co(R/m?)" + 1

n=153,c=10"and =10, f(R)=-m

A. A. Starobinsky, JTEP Lett. 86, 157 (2007).

R?\ ™"
n=1.34,A=10"" and R«/Ro= 10"7, f(R)=ARa ((l + R_g) - 1)



The fourth order differential equation

[/ ER, [frr|k¥/a% << 1

] 12H?(—2 + H"/H?) frrr 1 —H'/H? 2, 2
T . (S.FH
5 +{ T +—2+?{”/’H3+O(% /:{)}’H

+x” {(1 +O(H?/x?)) 8" +H (1 + O(H?/x?)) & +H? (9 oy O(HE/XE)) 5} _0,
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Two decomposed equations
oon~H, H<<KkX
d25+ L 3 N4, 2H+§ s_ o
oo e ) v T\ T )’ T

oH  H 3%  fp i

I
H

H? H3 2(1+ fgr) H(l—FfR)_HE(I—FJCE)—'_EHS(I"—IH).

0/0n ~ X H <<k, X

—_— 5(”) _ Clef fotdN +i [ xdn n C—‘gef ferdN —i [ xdn

5 d d 1 —H/H
—1— 2" In|y| - 21 ,
Jer yan X = 2 Il eel + 5 s




Behaviors of the solutions I

Quasi-static modes

d"’"+ 1 3_w ds 2H+PI s_ o
dN?2 N T \Cm T )T N =lna

QE 1 E _ 391“ fh E 1 ;?”
H?  H3 201+ fr) HA+fr) H2+fr) 2H3(1+ fr)
Negligible
—> 126 — ngHEfS 0 Same as ACDM model's

f=dInd/dN =1



Behaviors of the solutions 11

5(”) _ Clef ferdN+i [ xdn 4 Cgef feffdN —i [ xdn

- 5 d d 1 —H'/H?
fer =1— 5N In |x| — ZEIH | fre| + W H
e 1w - HH
YT\ BFrr 2 — HH 2= H' /I

frr > 0 — Oscillation, frr <0 — Instability.

9 H"\ H*frrr
+§ (2_ ’?{3) a’frr

1
fcﬁ ~ _E

Here, H" /H? ~ 1/2 is held in the matter dominant era.

frr > 0

frrr > 0 — Growing oscillation, frrr <0 — Decaying oscillation.



Summary

 Cosmological perturbations in the ACDM model, k-essence model and
F(R) gravity model have been considered.

 The matter density perturbation depends on the scale at sub-leading
order 1n each models.

- In addition to the quasi-static solutions, k-essence model has the
oscillating solutions.

Viable F(R) gravity models cannot be distinguished from the ACDM
model by evaluating the growth rate of the structure formation when
we fit their background evolution to the observational results.

- A sufficient conditions for the fast fluctuating mode to be the decaying
oscillating solutions are frr > 0 and frrr < 0.






Perturbative equations in k-essence model

: : : Guv = G + 09y, & — &+ 60.
Einstein equations
kﬂ

—6H2® — 22—V — 6HV =k2{ (=K x + °K xx)(6*® + ¢d¢
(0,0) - {( X xx)( )

.
|

— (K4 — fPZK,X@ — Qqﬁffsxé‘o)éqé + 2(]}.;{52}{,){ _ 5,0} :

(0,1) 20,(H® + ¥) =r* { $K x0:66 + (p + p)dus }
(i,) a”20,0;(® - 0) =0, (i # ),
2 s . 2 A,
. e £+%—2H60—4H—6H2 b — k—+6281+28080+6H60 P
(1,1) a? a? a? a?

2 {—K,X(géa?@ + ¢3d) — K 460 + ap} ,
Equation of motion of the scalar field
(0°K xx + Kx)06 = — 36K x U + (—¢pK x8y — ¢*K xx0 — 6HOK x — 20K

— 20K x — 3HO K xx — 36°0K xx — 0°K xx + 0° K 4x)®
~ (B3HK x + K x +3H K xx + 200K xx + ¢*Kxx)0¢

i -2 : . .
—+ (—B,X? — 3H¢)K,X¢; — @K,X¢ — @I{,X@ + K#M) 5@

Equations of continuity
(0) 5p +3H(3p + 0p) +a~*0{(p + p)du;} +3¥(p +p) =0, 0= 0p/p
(1) a9 {a’(p+ p)duwi} + 0i6p — (p + p)9® = 0. cz = op/dp



Perturbative equations
Newtonian gauge  ds® = a?(n)[(1 +2®)dn? — (1+20) 7 | drida’]

Einstein equations
(1+ fr){ — K*(® + ¥) — 3H(®' + U') + (3H — 6H?*)D — 31"V}

(0,0)
+ fr(—9HD + 3HT — 3T) = k2pa?s

i) (14 fR{®"+U" £ 3H(D' + V') + 3H'® + (H' +2H*)T}

1,1 —

+fR(BHD — HY + 3d) + fh(3® — U) = ?k’pa’s

(0,1) (1+ fR{® + U+ H(D+ U)} + fR(20 — V) = —x%pa’(1 + w)v

. QfRR " ’ 2 ’ ’ 2 .
(1)) & -0 — (1 Jer){311' +6(H +H")P + 3H(P +3V") — k(& —20)} =0

The equations of continuity
(0) 3U/ (1 +w) — & +3H(w — c2)d + k*(1 +w)v = 0, d=93p/p

2

(i) D + 0 +v +Hov(l —3w) = 0. C;rf" = 5})/5,0

1+ w



	ページ 1
	ページ 2
	ページ 3
	ページ 4
	ページ 5
	ページ 6
	ページ 7
	ページ 8
	ページ 9
	ページ 10
	ページ 11
	ページ 12
	ページ 13
	ページ 14
	ページ 15
	ページ 16
	ページ 17
	ページ 18
	ページ 19
	ページ 20
	ページ 21
	ページ 22
	ページ 23
	ページ 24
	ページ 25
	ページ 26
	ページ 27

