
DARK ENERGY OR MODIFIED GRAVITY?

Andrei Frolov

Department of Physics
Simon Fraser University

Ural Federal University
Ekaterinburg, Russia

6 June 2011

Andrei Frolov (SFU) Dark Energy or Modified Gravity? Ural 2011 1 / 31



A SKY ON A STARRY NIGHT...
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http://www.robertreeves.com/startrails.htm


NOT SO ACIENT COSMOLOGY: PTOLEMAIC SYSTEM
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WE LIVE IN A GOLDEN AGE OF ASTRONOMY!
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M51 GALAXY: A COSMIC WHIRLPOOL
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http://apod.nasa.gov/apod/ap080105.html


OUR COSMIC NEIGHBOURHOOD

A Flight to Virgo Cluster by R. Brent Tully (IfA/Hawaii)
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virgo.avi
Media File (video/avi)

http://www.ifa.hawaii.edu/~tully/outreach/movie.html


UNIVERSE IS BIG... AND IT IS GETTING BIGGER!
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WHY DOES IT EXPAND? GRAVITY IS TO BLAME!

Einstein de Sitter Friedmann Zwicky

EINSTEIN’S GENERAL RELATIVITY DESCRIBES HOW UNIVERSE EXPANDS

Gµν +Λgµν =
8πG

c 4
Tµν =⇒
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ȧ
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�2
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UNIVERSE EXPANSION IS DRIVEN BY MATTER
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MEASURE RATE OF EXPANSION VERY ACCURATELY...

Supernova Cosmology Project
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... AND KNOW WHAT THE UNIVERSE IS MADE OF?
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DARK MATTER: IT’S THERE, WE JUST DON’T SEE IT
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DARK ENERGY: NO CLUE! JUST PROBLEMS...

Value problem:
expected ρΛ ∼M 4

Pl ←− 10120 −→ ρΛ ∼ρM 6= 0 observed

Coincidence problem:
Now: ΩΛ = 0.7 ΩM = 0.3 ΩR = 5 ·10−5

Before: ρΛ ∝ a 0 ρM ∝ a−3 ρR ∝ a−4
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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
http://arxiv.org/abs/astro-ph/0306438
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BRIEF HISTORY OF THE UNIVERSE
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WMAP: A SATELLITE MISSION TO MEASURE CMB
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wmap.avi
Media File (video/avi)



CMB: LOOKING AS FAR BACK AS WE CAN SEE
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sky.avi
Media File (video/avi)



UNIVERSE STARTS OUT VERY HOMOGENEOUS!

CMB is homogeneous at 10 part per million level!

Andrei Frolov (SFU) Dark Energy or Modified Gravity? Ural 2011 18 / 31



GRAVITY MAKES LARGE SCALE STRUCTURE GROW!
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lss.avi
Media File (video/avi)



N-BODY SIMULATIONS WITH F(R) DARK ENERGY
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http://arxiv.org/abs/0807.2462


PRESS-SCHECHTER FORMALISM
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Linear density perturbation are a Gaussian Random Field,
described by varianceσ2 ≡ 〈δ2〉 and spectrum P(k )

(above picture shows scale-invariant fluctuations, actual ones have diffrent spectrum)

Overdense regions with δ>δc = 3
20
(12π)

2
3 ' 1.69 are fully collapsed!

Density distribution is very clampy, smooth on scale R
to look for objects of mass M = 4π

3
R3ρ̄
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WARM-UP: NEWTONIAN COLLAPSE OF A DUST BALL

M

Outer shell of radius r
collapses under the
gravitational pull of

mass M in the interior

r̈ =−G
M

r 2
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ṙ 2

2
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SPHERICAL SOLUTIONS IN F(R) GRAVITY

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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QUASI-STATIC BALL COLLAPSE IN F(R) GRAVITY
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∆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

Effective Newton’s constant
changes (non-linearly)!
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BACK TO THE HISTORY OF THE UNIVERSE...
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HOW DO WE SEE PAST OPAQUE PLASMA?
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BIG BANG NUCLEOSYNTHESIS
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BIG BANG NUCLEOSYNTHESIS
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INFLATION: AN ANSWER TO COSMIC CONSPIRACY?

inflation wipes the slate clean and re-seeds the structure

... but inflation has to end eventually!
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CMB RIPPLES CARRY LOTS OF INFORMATION!
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ripples.avi
Media File (video/avi)



STILL UNANSWERED: HOW DOES INFLATION END?
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STILL UNANSWERED: HOW DOES INFLATION END?
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reheating.avi
Media File (video/avi)



INSTEAD OF A CONCLUSION
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