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WHAT’S THE MATTER WITH COSMOLOGY?




DARK ENERGY IS TROUBLE!
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GRAVITY IS AN EFFECTIVE FIELD THEORY!

S[Al= J {Z A2 g2 @™ 4 } V—gad'x

n=0
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GRAVITY IS AN EFFECTIVE FIELD THEORY! MAYBE...

S[Al= J {Z A2 g2 @™ 4 } V—gd'x
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GRAVITY IS AN EFFECTIVE FIELD THEORY! MAYBE...
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THiS HAS BEEN TRIED BEFORE...

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

J{%h% }\/—_gd“x
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THiS HAS BEEN TRIED BEFORE...

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

J{%h% }\/—_gd“x

UV MODIFICATION:

2

fR)=R++

Starobinsky (1980)
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THiS HAS BEEN TRIED BEFORE...

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

IR MODIFICATION:

_p_ ¥
fR)=R~—

. Capozziello et. al. [astro-ph/0303041]
Starobinsky (1980) Carroll et. al. [astro-ph/0306438]
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THiS HAS BEEN TRIED BEFORE...

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

IR MODIFICATION:

_p_ ¥
fR)=R~—

. Capozziello et. al. [astro-ph/0303041]
Starobinsky (1980) 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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... BUT NOT QUITE IN THIS WA
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT

a de Sitter?
a+p
2f—f'R= e R
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT

UV fixed point
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2f—f'R= a;ﬁ R=

Bla)=—-2a(a—1)

g
fR)=R-£

Carroll et. al.
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ACCELERATED RG FLOWS OF NEWTON’S CONSTANT
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S0 WHAT DoOES THIS MEAN FOR HIERARCHY?..
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f(R) GRAVITY IS A SCALAR-TENSOR THEORY

@ Einstein equations turn into a fourth-order equation:
1 _
f'Guy _f;/uv +10f - E(f_f/R) uv = mpl2 Tuv

@ A new scalar degree of freedom ¢ = f’ — 2 appears:

1 T
0f'= 3 @f ~f R+ mg? 2

@ Can rewrite fourth-order field equation as two second order ones!
Guv=my* T+ &y, Op=V(p)-F

2y =—(1+ )G + Py — [06 ~3P(9)] g

_1 / ’ _1 / _mpl
@)=L (- FR), V§)=3ef~1R, F="(p-3p)
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ExAMPLE I: (SAFE) UV MODIFICATION
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RZ
f(R)=R+W

massive scalar field!
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ExAMPLE I: (SAFE) UV MODIFICATION
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05

U@)=V(p)+ 7 (¢:— )

1

Modified Gravity and Cosmic Acceleration

RZ
f(R)=R+W

massive scalar field!

scalar degree of freedom ¢
is heavy and hard to excite

SAI 2011



ExXAMPLE II: (FAILED) IR MODIFICATION

0.5 4
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0 T field ¢ is unstable!
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ExXAMPLE II: (FAILED) IR MODIFICATION
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U@)=V(p)+ 7 (¢:— )

Dolgov & Kawasaki
(astro-ph/0307285)
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CAN WE CoME UP WITH SOMETHING BETTER?..
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CAN WE CoME UP WITH SOMETHING BETTER?..
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CAN WE CoME UP WITH SOMETHING BETTER?..

R—R 1 | i
f( )—ao( + o HR)

0

Qo

oy =—F7
l—l—aoln&
Ro

R 1—-a R
p=In—+——=In—
RO Qg R*

(Zo—l
R*E4A:R()8Xp |: o :|
0

P9)==2Ae?, V($)=3Ae?9

=<

\/ ?
4
V(@)= Ae?(9—1)

) 37
Vo= = 9n=W (37 )

Andrei Frolov (SFU) Modified Gravity and Cosmic Acceleration SAI 2011



UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢,m a,H}
dynamical system equations

¢o=mn, a=aH

. / _ -2 p - 3]9
T+3H+V ()= m, 5

subject to a constraint

HY(¢+2)+Hrt+P(§) = m? %

P9)= 5 (F = fR)== Ae?
V(@)= @l - RI=3Ae%$
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢,m,a,H}
dynamical system equations T

. R __,
H=—-2H
6

Constraint surface in a Rink model with 0=1 and R;=1

Poincare
=1

T+3Hn+V'(¢p) =

subject to a constraint

H*(¢p+2)+Hr+P(¢p)= )
Fancare Bogincare
Pp)=2(f= FR)=—2 Ae? vacuum evolution is constrained
6 3 ..
V’(qj)E%(Zf—f’R):gAeq’q) to a (non-trivial) 2D subspace
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢r T, a, H} L

Tap view of the constraint surface in a RInR model with 0=1 and R=1

dynamical system equations "
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space ¢
{¢,m,a,H}
dynamical system equations
q5 =n, da=aH

_2 p—3p S

T+3Hn+V' ()=

subject to a constraint

H*(¢p+2)+Hr+P(¢p)=m >

P9)= 5 (F = fR)== Ae?

1 4
V'(¢) =3 (2f - fR)—gAeq’q)
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢,m a,H}

dynamical system equations

¢o=mn, a=aH 2,

. R __,
H==-2H
6 \-/
_zp_gp

T+3Hn+V' ()= My 3

subject to a constraint

HY(¢+2)+Hrt+P(§) = m? %

P9)= 5 (F = fR)== Ae?
V(@)= @l - RI=3Ae%$
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space ¢
{¢,m,a,H}
dynamical system equations
q5 =n, a=aH 2
H==—2H" dS é
P —3p \

T+3Hn+V' ()= My 3
subject to a constraint

HY(¢+2)+Hrt+P(§) = m? %

Jeyoel]

P9)= 5 (F = fR)== Ae?

6
Vig)=3@f - fRI= A9
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢,m a,H}
dynamical system equations
q5 =n, da=aH

T+3Hn+V'(p)=m

pl 3
subject to a constraint

H*(¢p+2)+Hr+P(¢) = mF;Z

P9)= 5 (F = fR)== Ae?

6
Vig)=3@f - fRI= A9
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space ¢
{¢,m,a,H} S
dynamical system equations
q5 =n, da=aH

T+3Hn+V'(p)=m

pl 3
subject to a constraint
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6
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UNIVERSE AS A DYNAMICAL SYSTEM

2 scalar DoE 4D phase space
{¢,m a,H}
dynamical system equations
q5 =n, da=aH

T+3Hn+V' ()= My 3

subject to a constraint

H*(¢p+2)+Hr+P(¢) = mF;Z

P9)= 5 (F = fR)== Ae?

6
Vig)=3@f - fRI= A9

QM,O =0.278
Q00=0.397
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CoSMOLOGICAL EVOLUTION: TRACKER SOLUTION
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CosMOLOGICAL EVOLUTION: DISTANCE MODULUS
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CosMoOLOGICAL EvoLUuTION: EFFECTIVE ) & w
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CosMoOLOGICAL EvoLUuTION: EFFECTIVE ) & w

0.51 \ LU;Q—>1/3

N

0 T T __l--' T T T T
10! 100 | -2 10! 102 103 104 103

W i 1 +z
-0.51 o
; equilibrium approximation

P2 p£:3m§|H2_p
P2 pe=mi(H*—R/3)—p

Andrei Frolov (SFU) Modified Gravity and Cosmic Acceleration SAI 2011



INVOKE CHAMELEON TO SATISFY LOCAL TESTS
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N-Bobpy SIMULATIONS WITH F(R) DARK ENERGY

density: max[In(1+3)]

i

fro=110761

fro=110

potential: min[‘V']

field: min[fg/fgro]
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LONGITUDINAL GRAVITY WAVES FROM COLLAPSE!

Harada, Chiba, Nakao, & Nakamura (gr-qc/9611031)
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