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Motivation

Motivation

» Hy : vertical lines, BAO : almost vertical lines,
CMB : inclined lines, SNe : ellipses [N.Wright 06]

» Current accelerating universe : GR with ordinary matter
components fails to explain (Prof.Ko's talk for DM)

> Ruw — 38uwR+6G,, =8rGTHd 4+ 87 GTDF

» Other possibilities : Inhomogeneity models, String.
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Modified Gravities
Dark Energy

MG vs DE MG as DE

Observational Quantities |
Observational Quantities 11

Class of modified gravities | : BD

1. Brans-Dicke theory [61]

» S=[d*x/—g [1& (QSR — 8D V;@V“qb) + ﬁﬂuid]
» ¢ : BD field , wpp : BD parameter , Laua : m and(or) r

2. Limits on wpp :
» BBN (z ~ 10'°) : > 50 [A. Serna 92]
» CMB.LSS (z ~ 10%) : > 120(20) [V. Acquaviva 05, 07]
» Solar System (Cassini spacecraft) : > 40000(20) [B. Bertotti
03]
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Modified Gravities

Dark Energy

MG as DE

Observational Quantities |
Observational Quantities 11

MG vs DE

Class of modified gravities Il : DGP

1. Dvali-Gabadaz-Porrati theory [G. Dvali 00]
» S = % fdsXﬁR+ fd4X\/ —g(4) [16}7(; R(4) +£ﬂuid

» M : 5-dim Planck scale , g® : induced metric on the brane

2. Problem :
» classical and/or quantum instabilities, at least at the level of
linear perturbations [A. Padilla 06]
» Solution(?) : adding a high curvature Gauss-Bonnet
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Modified Gravities
Dark Energy

MG vs DE MG as DE

Observational Quantities |
Observational Quantities 11

Class of modified gravities 1l : f(R)

1. f(R) gravities in Metric formalism [H.A. Buchdahl 70]

» 5= f d4X —8 lm}m;f(R(guu)) + Eﬂuid(guww)‘|

» f(R) is a general function of R
» I, = %gaﬁ(ﬁugyg + 0,8u8 — 038 : Levi-Civita connection
(assume Vg, = 0)
2. f(R) gravities in Palatini formalism [M. Ferraris 82, SL 07]

» S=[d*x/—g [M ( (guu,ruy))+£ﬂuid(guuv¢)‘|

> gu and fo ;v independent
> 8 = Fgu . R _rﬁuoz rgau—i_raﬁrgu_r rﬂ
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Modified Gravities

Dark Energy

MG as DE

Observational Quantities |
Observational Quantities 11

MG vs DE

Candidates of Dark Energy

1. Cosmological constant A [S.Weinberg 00]

4
Ptoday __ (1073 —120
g pPTana:k - (1027) ~ 10

2. Quintessence [D.Huterer 99, SL 05,06]

> slowly rolling scalar field
> early time : tracker solution (w = 1), late time : fine-tune

3. Cardassian, Chaplygin gas, Tachyon, Interacting v, etc..
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Modified Gravities

Dark Energy

MG as DE

Observational Quantities |
Observational Quantities 11

MG vs DE

MG as DE |

4 1dInéH
> wpE = —1 = 35173

Table 1. Comparison of §H and wpg in BD, DGP, metric formalism f(H) theory, and Palatini formalism f(R) models.

P(R) = 2201 and Fy is the present value of F(R)

SH
ED wen 2 _ g é
B )
N H T
DGP o 2F2H+§ma Fy—F
e 1 (1o o 2(F, —28F AR P —F)
Metric f(R) T, | (PR = f) = 3HF + 3H3 (o — F) 1t TR eHFteH? (Fa—F)
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Modified Gravities
Dark Energy
MG vs DE MG as DE
Observational Quantities |
Observational Quantities 11

MG as DE Il

» Background and perturbations [SL 08]

» Discrepancies between models

Table 2. Comparisons of H(z) and evolution of the linear perturbation éy, with the effective gravitational con-
stant G.g in each model. In metric and Palatini formalism the perturbation calculations are held for subhorizon

scale (i.e. 'iaf > H). Where ) = 7“;:R g and F'{T) = %
111'1[';1 dm Gagt
BD \\-if_Hg+ 2000 (1 4 23 4 2HS — AnGogpd =0 [%gg% <
DGP %[: ot \' (5 ‘;.7‘ 42 (1 4 22 ; b+ 2H) —anGgpi=0 G[1+ mw
Metric f(H) \ ;—Hg+ﬂE‘?](l+zJ3 S+ 2HS —dnGegpd =0 2‘21_;;‘5'%
Palatini f({R) \ f,,—”oz+!1'£"(l+n3 S+ Hé— arGogpd =0 i
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Modified Gravities

Dark Energy

MG as DE

Observational Quantities |
Observational Quantities 11

MG vs DE

Background and perturbation

» Background evolution (Hubble parameter) [M.Ishak 06]

» Evolution of Perturbation (growth factor)

25 — T T T T T T [ = 3
s 05 ]
# 09 ]
25 o 085 J
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= =
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Modified Gravities

Dark Energy

MG as DE

Observational Quantities |
Observational Quantities 11

MG vs DE

Metric and Fluid perturbations

1. line element : ds? = —(1 + 2W)dt? + (1 — 29)a?(t)dx?
» W : Newtonian potential (acceleration of particles)

» & : spatial curvature perturbation
» U =0 in GRwithout o W — & =2E in f(R) gravity

2. Energy momentum perturbations :

> 6T0:_5p , 57-0 (p+P)v,
6(X, 1) = % : density fluctuation
> 0=V -V : divergence of the peculiar velocity

3. Four quantities to be measured in the observations : to
distinguish models
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Weak Lensing

Galaxy or Cluster Velocity Measurements
LSS Observations Galaxy Power Spectrum

Distance Measurement, ISW

Gravitational Lensing

> aj = — [0;(V + ®)ds : deflection angle

» All lensing observables obtained by taking derivatives of «;

» shear power spectrum for WL tomography
Cony(1) = | W)W ()K" Puro (k. X)
where x : a comoving distance, W; ~ X’X%X : weight function
Pyio = 9k *HIQ?Psa—2

» WL probes W + & [E.Linder 08]

» SDSS : galaxy-galaxy lensing measured (Prof.Im’s talk :
BOSS).

» Detail will be given(?) : Prof.Chae’s this afternoon talk
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Weak Lensing

Galaxy or Cluster Velocity Measurements
LSS Observations Galaxy Power Spectrum

Distance Measurement, ISW

Velocity measurement

> K2V = d(jfg) . using galaxy satellite dynamics and rotation
curve on sub-Mpc

> K2V = (aD“’) 1978;) © in the linear regime where Dy ~ aD is
linear growth factor of 6

» multiple redshifts velocity measurements probes W
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Weak Lensing

Galaxy or Cluster Velocity Measurements
LSS Observations Galaxy Power Spectrum

Distance Measurement, ISW

Statistical measure of correlations in Ng

> 0y = i"g = b16 + 262 : galaxy density where by, b, bias
parameters

» Cg(l) = [dx WX(X) Pg(k,x) : 3 — D galaxy power spectrum
Where W, normalized redshift distribution of galaxies

» galaxy power spectrum probes 0
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Weak Lensing

Galaxy or Cluster Velocity Measurements
LSS Observations Galaxy Power Spectrum

Distance Measurement, ISW

1. Distance Measurements

» true distance — distance measured from the recession velocity
. gives peculiar velocity 6
» : SNe, SZ effect, cluster peculiar velocity

2. Integrated Sachs Wolfe
> Cisw(!) = [ Pggiray (ki x)a*x 2dx
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Summary

Summary

1. Background evolutions might not be good enough to
distinguish MG from DE.

2. However, we need to know the accurate background evolution
to mwasure precise cosmological parameters.

3. Perturbational quantities might be able to give the guideline
to probe the differences.

4. LSS observations will give the information about
perturbational quantities.
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