
2010/04/13 @ CYCU

f(R) Modified Gravity

for  Cosmic Acceleration

Je-An Gu
 

顧哲安
臺灣大學梁次震宇宙學與粒子天文物理學研究中心

Leung Center for Cosmology and Particle Astrophysics (LeCosPA), NTU

Collaborators :  Wei-Ting Lin 林韋廷 @ Phys, NTU    
Dark Energy Working Group @ LeCosPA & NCTS-FGCPA



Outline

 Introduction

 Modified Gravity

 f(R) Modified Gravity

 “Designer f(R)” and our work

 Results : Observational Constraints on “Designer f(R)”

 Summary



Introduction



Concordance:   

 

= 0.73 ,  M = 0.27

Accelerating Expansion

(homogeneous & isotropic)
Based on FLRW Cosmology

Observations (which are driving Modern Cosmology)



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

Geometry Matter/Energy

Gμν

 

＝
 
8πGN Tμν

• 
 

(from vacuum energy)
Many success factors:
 fit data
 connections: 
- to famous person: Einstein
- to well known theory: QFT
- to nature of creator: simple

Issues:
 (why small) 

 
problem

 (why now) coincidence problem

To avoid the issues,
necessary condition: 
Energy density changes with time.
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(from vacuum energy)

Issues:
 (why small) 

 
problem

 (why now) coincidence problem

• Quintessence / Phantom
(a simple realization)

To avoid the issues,
necessary condition: 
Energy density changes with time.
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Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

Geometry Matter/Energy

Gμν

 

＝
 
8πGN Tμν

• 
 

(from vacuum energy)

• Quintessence / Phantom
minimal coupling to gravity

non-minimal coupling to gravity

(inevitably?)

Einstein GR + Non-Min. Scalar Field

Brans-Dicke gravity
Scalar-Tensor gravity

1. Modified Gravity (MG)

special case: f(R)

Dark Energy
↑

MG ~

gravity action: 
R  f(R)
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Einstein Equations

Geometry Matter/Energy
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• 
 

(from vacuum energy)

• Quintessence / Phantom

1. Modified Gravity (MG)

Dark Energy
↑

1. Einstein GR
2. 3+1 space-time
3. RW metric

FLRW

2. Extra Dimensions

? Is FLRW a good approximation ??

isotropic
homogeneous
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(from vacuum energy)

• Quintessence / Phantom

1. Modified Gravity (MG)

Dark Energy
↑

1. Einstein GR
2. 3+1 space-time
3. RW metric

FLRW

2. Extra Dimensions

3. Averaging Einstein Equations
for an inhomogeneous universe

? Is FLRW a good approximation ??



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

Geometry Matter/Energy

Dark Geometry
↑

Gμν

 

＝
 
8πGN Tμν

3. Averaging Einstein Equations

2. Extra Dimensions

Non-FLRW
for an inhomogeneous universe

• 
 

(from vacuum energy)

(Gravity)

• Quintessence

1. Modified Gravity (MG)

Dark Energy
↑

1. Einstein GR
2. 3+1 space-time
3. RW metric

FLRW



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

Geometry Matter/Energy

Dark Geometry
↑

Gμν

 

＝
 
8πGN Tμν

• Extra Dimensions

• 
 

(from vacuum energy)

• Quintessence
• Averaging Einstein Equations

for an inhomogeneous universe
Back reaction of inhomogeneities

(Gravity)

Gu and Hwang, Phy.Rev.D (2002); 
Gu, Hwang and Tsai, Nucl.Phys.B (2004)

Chuang, Gu and Hwang, Class.Quant.Grav (2008)

Gu and Hwang, Phys.Rev.D (2006)
Chen and Gu, arXiv:0712.2441
Gu, arXiv:0801.4737

Gu and Hwang, Phys.Lett.B (2001)
Gu, arXiv:0711.36

Dark Energy
↑

• Modified Gravity (MG)
DE/MG WG
LeCosPA
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DE / MG Working Group meeting
 Meeting time in 2009 Fall Semester: Wednesday, 7:30 pm — (indefinite)
 Webpage: http://lecospa.ntu.edu.tw/wg_list.php?wgid=2

http://lecospa.ntu.edu.tw/wg_list.php?wgid=2


 Meeting time in 2009 Fall Semester: Wednesday, 7:30 pm — (indefinite)
 Webpage: http://lecospa.ntu.edu.tw/wg_list.php?wgid=2

DE / MG Working Group meeting

http://lecospa.ntu.edu.tw/wg_list.php?wgid=2


 Meeting time in 2009 Fall Semester: Wednesday, 7:30 pm — (indefinite)
 Webpage: http://lecospa.ntu.edu.tw/wg_list.php?wgid=2

DE / MG Working Group meeting

Something you may never enjoy unless you attend this meeting !!

http://lecospa.ntu.edu.tw/wg_list.php?wgid=2


vs.Cosmological Models

Dark Energy
Modified Gravity 

Dark Matter
Inflation

Observations

SNe Ia
LSS

Lensing
CMB

Inter-medium
(physical quantities)

dL (z)

matter power spectrum

CMB A&P spectrum

Theoretical prediction Observational info

Technique / Know-how

(Dark Energy & Modified Gravity) Phenomenology

(not limited to DE models)
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(Dark Energy & Modified Gravity) Phenomenology

 Je-An Gu, Chien-Wen Chen, and Pisin Chen, 
“A new approach to testing dark energy models by observations,”
New Journal of Physics 11 (2009) 073029 [arXiv:0803.4504].

 Chien-Wen Chen, Je-An Gu, and Pisin Chen,
“Consistency test of dark energy models,”
Modern Physics Letters A 24 (2009) 1649 [arXiv:0903.2423].

 Chien-Wen Chen, Pisin Chen, and Je-An Gu,
“Constraints on the phase plane of the dark energy equation of state,”
Physics Letters B 682 (2009) 267 [arXiv:0905.2738].



Modified Gravity



Candidates: Modified Gravity vs. Dark Energy

Einstein Equations

Modified Gravity

Gμν

 

＝
 
8πGN Tμν

Dark Energy

Different effects (predictions) on: 


 

Cosmic expansion (background evolution): a(t)


 

Evolution of cosmic perturbations: m , , 
 

(k,a)

matter density perturb. metric perturb.

CL
WL
ISW

SN
BAO
CMB

∞ tests !!

one test

Another motivation/goal of MG investigations: 
Cosmological test of alternative gravity theories





Modified Gravity : LG = R + f (R)  with flat RW


 

Cosmic expansion (background evolution): a(t) one test
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Evolution of cosmic perturbations: m , , 
 

(k,a) ∞ tests !!
Sub-horizon, Fourier space
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(modified gravity action)



Modified Gravity : LG = R + f (R)  with flat RW
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Evolution of cosmic perturbations: m , , 
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(physical quantities)
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f(R) Modified Gravity : LG = R + f (R)
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Cosmic expansion (background evolution): a(t)
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f(R) Modified Gravity : LG = R + f (R)
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Cosmic expansion (background evolution): a(t)



f(R) Modified Gravity : LG = R + f (R)
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For a given expansion history H(t), we can (always?) find a f(R)
that generates the required H(t).
The f(t) satisfies a 2nd-order diff. eq. given by Friedmann eq.

a category of f(R)

different initial condition  different f (R)




 

Evolution of cosmic perturbations: m , , 
 

(k,a)

Sub-horizon, Fourier space
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f(R) Modified Gravity : LG = R + f (R)
(modified gravity action)


 

Perturbed metric with scalar perturbations in a longitudinal gauge:


 

Decompose quantities into background and inhomogeneous parts:
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m   ,   vm : velocity potential
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“Designer f(R)” MG :  Observational Constraints
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Summary



 We have studied “designer f(R)” for various constant weff and
various initial conditions. We compare those models with 
the observational constraints about cosmic structures.

 There exist “designer f(R)” models consistent with data.
However, we need to fine tune the initial conditions
in order to have those observation-consistent models

 Most of the models under our consideration predict /  2,
which is consistent with the current constraint (95% C.L.): 1</<2.

If the future observations can give an upper bound significantly
smaller than 2, many f(R) models will be ruled out;
on the contrary, for a lower bound significantly larger than 1, 
GR will be ruled out.

Summary



Thank  you.
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