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Introduction

What is the origin of an accelerated
expansion of the universe?

Dark energy?
Modified gravity?:

ACDM model

consistent with vafioUs observations
(type Ia supernovae, LSS, CMB, etc...)

# Cosmological constant problem

- To construct modified gravity model "

{Goal ,
| which is consistent with observations ;’;
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Kinetic Gravity Braiding (KGB)

Deffayet, Pujolas, Sawicki, Vikman ‘10
Kobayashi, Yamaguchi, Yokoyama 10

Galileon theory X

¢

Nicolis et al. '09
Koyama, Silva ‘09

K(X) and G(X) are arbitrary functions of the kinetic term

ey —guyvﬂgbv,j¢/2,

¢ s g'w/\/,u\/l/gb

| - Second-order differential equation

| - No ghost instability
. - Vainshtein Mechanism

i — recover the GR behavior in high-density region ¢



Kinetic Gravity Braiding (KGB)

Deffayet, Pujolas, Sawicki, Vikman 10

Lagrangian is invariant under a constant shift symmetry
¢ — ¢ +c, then the scalar field satisfies

Jo+3HJy =0

Jo =q5(3q.bGXH—KX) X 1/0,3

‘Charge density’ approaches zero as the universe expands

Solution along the attractor ¢ = Kx/3GxH



Kinetic Gravity Braiding (KGB)

For example...

Kimura, Yamamoto ‘10

TCNH()_l

n : Model parameter

For n= 1 Gallleon Model

Deffayet PUJO|aS, SaW|ck| V|kman 10
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Background Expansion

Friedmann Equation

=Dvali-Turner model (2003)
Phenomenologically modified Friedmann equation

For n>100

Background:expansion:is-identical to the ACDM Model

This model is consistent with the observations
such as type Ia supernovae



Effective equation of state Weir = Py /Lo

_05 . . 1.0 1.5 2.0

Z

Wetr = —1 (Scalar field dominated era)



The Condition for the Avoidance of
Ghost Instability

Quadratic action o(t) = o(t) + 0o(t, x)

> 0 (No ghost)

> 0 (No instability)

Ghost instability can be avoided if n > 1/2



Sound Speed of Perturbations of
the Scalar Field

The 'sound speed of perturbations

2 x 1
Cg X /n become zero for n=o0o

S

This property is important in cosmological perturbations



4. Cosmological Perturbation



Linear Cosmological Perturbations

Quasi-static & Sub-horizon approximation

O(k*c?/a*) > O(H?)

Density perturbations obeys

5—|— QH ~ A7 G PO

The effective gravitational constant

Geg =G

However, this approximation no longer works for n>10
because the speed of sound approaches zero.



Linear Cosmological Perturbations

Einstein equations

. 1
2ME, [-31{(@ — HU) + ?VQCI)]

12

— —KxdX — Gx <3¢3<i> —12H¢* U + 9H$*0¢p — §V25¢>

—3GxxHP6X — bp
22 (ci> _ H\If) = _Kxddd— Gxd? (gb\p 5o+ 3H(5¢) 5
Pl X X q

M2, [(31{2 +2H)U + HY — & — 3Hci>}

~ Ky6X + Gy (qsi%qf — 3260 + 44240 — 2¢¢55¢) — Gxxd*¢p5X

UV+d=0




Linear Cosmological Perturbations

Scalar field equation

— Ky [3@ — U — 2(¢p+ 3HP)T + 8¢ + 3HIP — %Vz&b]

—3GxxxHPp5X — Gx [3452613 +6(¢p+ 3HP)p® — 9H > W
— 12{(H + 3H?)¢? + 2H¢q'5}\11 - a—jv%p + 6H o
+ 6{Hq'5 + (H + 3H2)q5}5'¢ - %(qb' + 2Hq5)v25¢]

— Gxx [3&%’5@ — 3HW — 3{8Hq53q'5 + (H + 3H2)gb4}xp

+ 3HO?00 + 3{5Hq52q'5 + (H + 3H2)¢3}5¢ — a—fv%qs] =0

For n>10, we need to solve these equations...



Cosmological Perturbations for n=oc

In the limit of h=00, the leading term of the galileon field
equation becomes

0X +3H6X =0

0X = ¢pdp — >V

The solution is given by

6X = Const/a"

The (1,)) component of the Einstein equation reduces to that of

the ACDM model. Therefore, the evolution of the
gravitational potential is the same as the ACDM model.



Growth Rate of Dens

k=0.01

ACDM

k=0.0003 hMpc ™
k=0.001 hMpc ™"
k=0.005 hMpc ™

k=0.05 hMpc ™

hMpc_1

small scales

n=100

0.050.10

0.50 1.00 5.0010.00

y4

0.75}F

1.00F
I A\CDM & Large scale modes
0.85}

1 0.80}

i -
.__———’

ity Perturbations

0.01 0.050.10

0.501.00 5.0010.00

y4

B) |

n=1000

0.01 0.050.10

y4

0.50 1.00 5.0010.00




Linear Cosmological Perturbations

In linear perturbation theory,

1. The growth of long wavelength modes for large n
in KGB approaches that in the ACDM model

because the speed of sound of the perturbed
scalar field is very small.

2. In the limit for n=00, the growth of density

perturbations for all wavelength modes is the same
as that in the ACDM model

For n=o0, the:evolution of the background expansion
and the linear perturbations of KGB are equivalent to
those of the ACDM model.



Initial Condition of 6¢

In the previous slide, we adopt the
following initial condition,

However, these initial conditions might
not be realistic In our universe.



Initial Condltlon of écp Attractor behavior

. k=0.01hMpc
Dashed lines

0¢; /Mpi = 0 \

Solid lines
5¢i/MP1 i

tAs long as

5¢i/MPl ri \Ijz
5o [MpiH; 50,

ithe choices of the initial}
icondition does not alter thej
results.

100 1000
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Integrated Sachs-Wolfe Effect

Cross-correlation of Galaxy distribution and CMB

<AT@> Azw'>> .

T N

Large n & large scales

i It is possible to
i constrain the
model parameter |

n=1000
n=5000

cf. Kobayashi (RESCEU)




Summary

- Kinetic gravity braiding (KGB) model
— No ghost-like instability

— Self-accelerating solution

— Vainshtein Mechanism

« G(X)ec X" model

— Galileon model when n=1

— ACDM model when n=o

— Consistent with observations
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