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Modified Gravity ~N N

What causes an accelerated expansion of the universe ?

e Cosmological constant ??
* Dark energy ??
* Modification of gravity ??

Modified gravity theory must satisfy ...
v Modification at large distance
v' Recovery of GR at small scale
v Accelerated expansion of the universe at present

v Consistency with cosmological observations



Kinetic Gravity Braiding Model ~N, V

KGB model (Deffayet et al. 2010, Kobayashi et al.2010)
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X =—g"Vu.oV,0/2

Uop =g""V,V,0

K(X), G(X) : arbitrary functions of the kinetic term
v’ Second order differential equation
v¥' No ghost instability

v Self-accelerating solution

v¥' GR at small scale (Vainshtein effect)



Kinetic Gravity Braiding Model ~, V

Example (Kimura and Yamamoto. 201 |)

K(X)=-X r. : crossover scale (~ H()_l)
2 e n : model parameter (n > 1/2)
G(X) = Mp (MCQ X)
P

Choosing the attractor solution, ¢ = Kx/3GxH
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Dvali-Turner’s Model

behave like dark energy

(2003)
For n=1 Original galileon model (minimally coupled)
| ] For large n Cosmological constant model

(n 2 100)



Observational Constraints
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Kinetic Gravity Braiding Model ~, V

How about large scale structures !



Kinetic Gravity Braiding Model ~, V

Newtonian gauge
ds* = —(1 +20)dt* + a*(t)(1 + 2®)6;;dz"dx’
Perturbed Einstein equations

2M§1[ 3H(®— HY) v2<1>] —6p — 6py

oM, (<I> H\p) = 5q + gy

M2, [(3H2 +2H)U + HI — & — 3Hc1>} = 5py
U+d=0

where
. . . . . ‘2 .
6py = Kx6X +Gx <3¢3c1> — 12H GV + 9H $?5¢) — ?V25¢> +3GxxHp?5X

6qp = —Kx$0¢ — Gx ¢ (90 - 86 + 3H60)
5ps = Kx0X + Gx (670 = 326 + 46260 — 20660) — Gxxd*$0X



Kinetic Gravity Braiding Model ~, V

Perturbed scalar field equations
— Kx lsgbc;b — U — 2(¢p+ 3HO)U + 6¢ + 3H¢p — %V%gb]

—3GxxxH»P06X — Gy [3&52615 +6(¢+ 3H)pD — 9H H>W
o’ 12{(H + 3H?)¢? + 2qu5¢}5}\1! — a—jv%p + 6Hddo
+ 6{Hg}5 + (H + 3H2)q5}5'¢ - %(g}ﬁ + 2H¢)v25¢]

— Gxx lsq'%cb — 3HO W — 3{8Hq53q3 + (H + 3H2)q54}x11

+ 3HO>6¢ + 3{5Hq52g}5 + (H + 3H2)q53}5'¢ » a—fv%qs] — 0



Large Scale Structures ~, V

e Large n solution 0X = CgﬂSt/&3 — 0
5X +3HSX =0 ; ¢s =0

.. . » NO effects caused by

0X = @op — ¢°V the scalar field at linear

order (=ACDM model)
* Small n solution (+sub-horizon) ©(i2:2/42) > O(H?)
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Growth Rate

o/a

1.00

0.95f :
| ACDM f
0.90} :
| n=1 :
0.85} o -:
0.80} n=5 :
00 02 04 06 08 10



Constraints from the matter power spe

Small n is still allowed ....
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This constraints are still weak !!!



Kinetic Gravity Braiding Model ~, V

What could be a powerful tool to
constrain on the KGB model ?



Galaxy-ISW Cross-correlation ~, V

ISW term in CMB anisotropy
AT (V) 0 , ,
) = [Tl - @)
ISW

Na

Modified Poisson equation ACDM model

Galaxy-ISW Cross-correlation

AT () ANg(Y')
T N
b
d (Ges (1) ).G‘?’“X’.'
X — an ( o o > distribution

determine the sign of CCF



Galaxy-LSS Cross-correlation

Data from Giannantonio et al.’08
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Summary ~N

v KGB model has a self-accelerating solution and passes
solar system constraints

Vv The background evolution can mimic the ACDM model.
However, the growth of LSS in KGB model has different

signatures from the ACDM model

V' ISW-LSS cross-correlation is a powerful tool to constrain

on modified gravity

v' Small n value in the KGB model (correspond to the
galileon model) is disfavored by Galaxy-ISWV cross-

correlation
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Thank you !!



