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WHAT’S THE MATTER WITH COSMOLOGY?
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MAYBE IT’S GRAVITY WE DON’T UNDERSTAND...

WHAT IF INSTEAD OF CURVATURE IN EINSTEIN-HILBERT ACTION WE HAD

S =

∫

�

f (R)
16πG

+L m

�

p

−g d 4x

UV MODIFICATION:

f (R) =R +
R2

M 2

Starobinsky (1980)

IR MODIFICATION:

f (R) =R −
µ4

R

Capozziello et. al. [astro-ph/0303041]
Carroll et. al. [astro-ph/0306438]

FOR F(R) THEORY TO MAKE SENSE WE NEED:

f ′ > 0 – otherwise gravity is a ghost

f ′′ > 0 – otherwise gravity is a tachyon
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http://arxiv.org/abs/astro-ph/0303041
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FIELD EQUATIONS IN F(R) GRAVITY

Vary the action with respect to the metric:

S =

∫

�

f (R)
16πG

+Lm

�

p

−g d 4x

Einstein equations turn into a fourth-order equation:

f ′Rµν − f ′;µν +
�

� f ′−
1

2
f

�

gµν = 8πG Tµν

A new scalar degree of freedom φ ≡ f ′−1 appears:

� f ′ =
1

3
(2 f − f ′R)+

8πG

3
T

Can rewrite fourth-order field equation as two second order ones!
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A NEW SCALAR DEGREE OF FREEDOM

Equation for φ ≡ f ′−1 is just a scalar wave equation:

�φ =V ′(φ)−F

Matter directly drives the field φ by a force term:

F =
8πG

3
(ρ−3p )

Effective potential can be found by integrating

V ′(φ)≡
d V

dφ
=

1

3
(2 f − f ′R)

In practice, easier to obtain in parametric form:

d V

d R
≡

d V

dφ

dφ

d R
=

1

3
(2 f − f ′R) f ′′
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EXAMPLE I: (SAFE) UV MODIFICATION
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massive scalar field!

scalar degree of freedom φ
is heavy and hard to excite
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EXAMPLE II: (FAILED) IR MODIFICATION
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field φ is unstable!
Dolgov & Kawasaki

(astro-ph/0307285)
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http://arxiv.org/abs/astro-ph/0307285


CAN WE COME UP WITH SOMETHING BETTER?..

Hu and Sawicki [0705.1158]

f (R) =R −
α (R/R0)n

1+β (R/R0)n
R0
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Starobinsky [0706.2041]

f (R) =R+λ

�

1
�

1+(R/R0)2
�n −1

�

R0

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

10-2 10-1 100 101 102

(R
-F

)/
R

0

R/R0

n=1
n=2
n=4

... and many other models ...
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http://arxiv.org/abs/0705.1158
http://arxiv.org/abs/0706.2041


COSMOLOGY IN F(R) GRAVITY

Homogeneous flat cosmology is described by FRW metric:

d s 2 =−d t 2+a 2(t )d ~x 2

Scalar degree of freedom looks as usual (albeit with a force term):

φ̈+3Hφ̇+V ′(φ) =F

What about Friedman equation? It looks strange...

3H ( f ′)̇ −3
ä

a
f ′+

1

2
f = 8πG ρ

... but it isn’t! Eliminating ä in favor of R = 6
�

ä
a
+ ȧ 2

a 2

�

does the trick:

H 2+(ln f ′)̇ H +
1

6

f − f ′R

f ′
=

8πG

3 f ′
ρ
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DEVIATION FROM ΛCDM COSMOLOGY
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Hu & Sawicki (0705.1158)
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http://arxiv.org/abs/0705.1158


BUT SOMETHING IS AMISS! LET IT BE FOR NOW...
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http://arxiv.org/abs/0709.1391


LOCAL TESTS OF F(R) DARK ENERGY

Spherically symmetric static metric:

d s 2 =−eQ

�

1−
2M

r

�

d t 2+
d r 2

1− 2M
r

+ r 2 dΩ2

After same trick we used for Friedmann equation:
�

1+φ+ 1
2

rφ′
�

M ′ = 4πG r 2ρ+O(φ)

O(φ)≡
r 2

2

�

1−
2M

r

�

φ′′ + r

�

1−
3M

2r

�

φ′ +
r 2

4

�

R +φR − f
�

�

1+φ+ 1
2

rφ′
�

Q ′ = 8πG r
ρ+p

1− 2M
r

+ rφ′′

Once again, dynamics are governed by equation for scalar DOF:

∆φ =−
8π

3
G (ρ−3p )+V ′(φ)
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LOCAL TESTS OF F(R) DARK ENERGY (CONTINUED)

We need to solve a non-linear differential equation:

∆φ =−
8π

3
G (ρ−3p )+V ′(φ)

How do we understand its solutions?

“EQUILIBRIUM” REGIME:

V ′(φ) =
8π

3
G (ρ−3p )

chameleon mechanism

“BALLISTIC” REGIME:

∆φ =−
8π

3
G (ρ−3p )

which one is realized depends on environment!
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SOLAR SYSTEM CURVATURE PROFILE
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Hu & Sawicki (0705.1158)
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http://arxiv.org/abs/0705.1158


SO FAR, SO GOOD...

Looks like we can
avoid local constraints...

Let’s see if there is
any effect on cosmology!
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N-BODY SIMULATIONS WITH F(R) DARK ENERGY
O

yaizu,Lim
a

&
H

u
(0807.2462

)
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http://arxiv.org/abs/0807.2462


LARGE SCALE STRUCTURE GROWTH IS TRICKY...
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Oyaizu, Lima & Hu (0807.2462)
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http://arxiv.org/abs/0807.2462


NEXT TIME... PROBLEMS WITH F(R) DARK ENERGY

F(R) Dark Energy is sort of
“geometrical quintessence”

But it does not work!

Surprizingly, IR-modification
breaks the strong gravity...
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