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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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AFTER A ROCKY START... A NEW TROUBLE?

Linearly stable models
have been found:

Hu and Sawicki
[0705.1158]

Starobinsky [0706.2041]

various “designer” models

LSS growth studied:

Pogosian & Silvestri
[0709.0296]

But something is
amiss...
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WHY DOESN’T F(R) DARK ENERGY WORK?
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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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DISAPPEARING COSMOLOGICAL CONSTANT MODEL
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Starobinsky [0706.2041]

f (R) =R +λ
h

�

1+R2
�−1
−1
i

φ =−
2λR

(1+R2)2

A singularity (R =+∞)
B stable dS min ( f ′ = 0 )

C unstable dS max ( f ′ = 0 )

D critical point ( f ′′ = 0 )

E flat spacetime ( f ′ = 0 )

F critical point ( f ′′ = 0 )

G singularity (R =−∞)
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SINGULARITY IS FINITE DISTANCE AWAY!
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in large R limit:

f (R) =R+Λ+
1

Rα

∞
∑

n=0

µn

Rn

φ ≡ f ′−1'−
αµ0

Rα+1

d V

d R
'

R f ′′

3
=
α(α+1)µ0

3 Rα+1

weak power-law singularity:

V (φ)' const−
(α+1)µ0

3 |αµ0|γ
|φ|γ

γ=
α

α+1
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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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MECHANICAL ANALOGY: A BALL IN A BOWL
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NOW WE UNDERSTAND WHAT’S GOING ON HERE!
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BIGGER PROBLEM: SINGULAR COMPACT OBJECTS!

scalar DOFφ
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Potential well of
a compact object:

∆φ = −
8π

3
Gρ +V ′(φ)

︸ ︷︷ ︸

negligible

∆Φ = 4πGρ

Excitations of f(R) degree of freedom φ

and Newtonian potential Φ are related:

φ ≈φ∗−
2

3
Φ

Reach singularity if δφ ® 1
3
!
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NO NEUTRON STAR SOLUTIONS IN F(R) GRAVITY!

Kobayashi & Maeda (0807.2503)

shallow potential well deep potential well

no regular
static solution!
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HOW DO I LOSE THE REGULAR SOLUTION BRANCH?

scalar DOFφ
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HOW DO I LOSE THE REGULAR SOLUTION BRANCH?
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CAN UV COMPLETION SAVE THE DAY?
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IS F(R) DARK ENERGY DEAD?

Not quite yet!

But we are forced to confront
UV-completion, and even if we fix it
we might not get Einstein gravity...

Need to understand how bad it really is!
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