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Experimental Evidences
(Cosmological Concordance ?!) y

SNe la (Fig from E . L. Wright 06)

CMB

Values for H (Age of Universe)
Baryonic Oscillations = SDSS
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Ay Motivations

1

~guwR = 8rGT . + 8rGT,, (DE)

(SGHU(I\({[G) + R;LU 5 2

S = [ @2v=g [SF(R,0)+ Lol0uur 6,06) + Lun(g ¥)

Observations are inconsistent with the expected universe

( GR[FLRW] + Matter). Based on homogeneous and isotropic
space-time.

Need to change either Gravity or Matter (if we still believe
homogeneity and isotropy).

Heard from D.Huterer, P Zhang, B. Wang
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Motivations

A
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To explain galaxy rotational curves (1959)

. Dark Matter <> MOdified Newtonian Dynamics (1983)

To explain accelerating universe (1998)

. Dark Energy <> f(R)
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‘o» Generalized Gravity Theories |

A broad class of alternative gravity theories
W : matter fields
® : ascalar field

1
S = f{fnﬁ\/_—Q[Ef(Rw qb) + ﬁqﬁh[ﬂ;ﬁh (;"-‘}1 a‘i’} + ’{:m (gf“*‘? ];[I}jl

Lo=- ﬂj”w(@(@@z V(@)
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Generalized Gravity Theories |1 4

Generalized gravity | 3 f(R,¢) Ly, 00) p(R, ) " V() |Ref
Nonlinear gravity = f(R) w=0V=0 p=F(R) InF %ﬁ [1]
R*-gravity H{R+aR*)| w=0,V=0 |p=1+2aR {nF R L2
1/R-gravity s(R—p'/R)| w=0,V=0 |p=1+u*/R’ SInF F;}_ [3]
Scalar-tensor theory| LF(0)R | w() V(6) | p=F(¢) |[\/2+35mds| % |M
Brans-Dicke theory ¢R W(P) =24, V=0 p=¢ JVeE+3E5de | o0 |[5]
Dilaton e "R |w(gp)=e?, V=0 p=e”® 26 0 |[6]
NMC scalar L14EHDR| w=1, V() p=1+&p2 |f ‘/”f_“;fﬁ;l 2 3¢ 2 | 17
CC(¢=3) s(1+ {l—i(,ﬁg]R w=1, V(g) p=1+ %q’)z /6 tanh ™ % ITE_? 8]
Induced Gravity 2ep’R w=1, V(¢) p =€’ \/ 6+ -lng %2‘ [9]
GR with a scalar =R w=1, V(¢) p=1 ) Vv
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Ay Palatini f(R) Gravity 4

Connection 19, defines parallel transport (covariant
derivative)

Riemann tensor r*, —v,r*, — v, + % 1% — % 1%

T A

In standard GR, we assume v,g,, =0

- e - . 1
Levi-Civita connection T}, = 5™ (9u0v0 + 090 — Drguv)
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Ay Palatini f(R) Gravity

] ] 1 .
Action In GR  Ser = E/ d*z/ —gR(9) + Sm(9uw, )

Action in metric-affine f(R) theories of gravity

1 L |
SmA = o f d'z V=9f(R) + Sm(guw, Fﬁw%'f'*‘)

Action in Palatini f(R) theories of gravity

1 ~ .
Spal = o / fffﬂ\f —Q'f(R) + S’l'vl(gﬂﬂrlf})
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Ay Background Evolution Ay
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SNe Hubble diagrams for DE and DGP models (Fig
from M.Ishak et al, 06)
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Ay Growth Factors Ay

. . 1 095 b,
§+2HDGP§_4WGIP(]‘+E){S=D [
%; 08

0.75 F

. by S0
H N
- . . - . =l = _\'\ ‘."\‘
l:‘_i — J- . 2?_1_ IH J- _I_ DCF 0.7 IHLCDM_WD 1'f 0 ..‘_“..‘.h .
- ctt DGP 3) HE SUGRA w,=08, w=03 -
Dap 0.85 FOGP model w?th Omega =020 -—— N"“\-.._
DGP model with Omega, =027 ——--— ",

0.6

0.2 03 0.4 05 0.6 0.7 0.8 0o 1
a

Growth factors of linear perturbations
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o, Stability of Palatini f(R) Gravity 45,

f the deviation from ( conservation

¢ the deviation from the superhorizon metric

H (k'
"=+ V-Hq¢g = ——|— | Bf
C=9 8 H (uH)
" + ¥’ — HH‘I)’ + oA UV = — o 2BF
H' H H' a alH '
F'H Of (R
B = §abd where F = %
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2 - i
oy Stability in a model (sL 0710.2305)
f(R) = BR"
H.F__ 3 HH_ B 3 2
H 2n H \ 2n
FF'F" 3(1-n) F' F"  (3(1-n)\’
F  F n ' F F ( n )
e = ().
(”_{_9—4?1{1), _ 0
2n
§y = 0
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iy Summary Ay

Alternative scenario on cosmology will give huge effects
on astronomy, cosmology, and particle physics.

Some of MG and DE models can satisfy current
observations.

Geometric tests are not enough to separate MG with DE.

Need to distinguish possible models with upcoming
observations. (lensing, number counts)

Thank You!
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