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Introduction

Modified Gravity

f(R) Modified Gravity

“Designer f(R)” and our work

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

Summary



Introduction



Observations (which are driving Modern Cosmology)

Based on FLRW Cosmology
(homogeneous & isotropic)




Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 8w G\T,,

Uy

Issues:

e (why small) A problem
e (why now) coincidence problem SN (from vacuum energy)

Many success factors:

o fit data

e connections:
- to famous person: Einstein
- to well known theory: QFT
- to nature of creator: simple

To avoid the issues,
necessary condition:

Energy density changes with time.




Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 8w G\T,,
‘Geometry ‘Matter/Energy

Issues:

e (why small) A problem
e (why now) coincidence problem SN (from vacuum energy)

To avoid the issues, » Quintessence / Phantom

necessary condition:
Energy density changes with time.

(a simple realization)




Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 81 Gy T

— —
1

* A (from vacuum energy)

* Quintessence / Phantom

|

g o | L. Einstein GR
w5 FLRW

| 2. 3+1 space-time |

3 RW metric



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 8w G\T,,

"W ‘Matter/Energy
T

e~ o

1. Modified Gravity (MG) * A (from vacuum energy)
I _ gravity action:
special case: f(R) R>f(R) » Quintessence / Phantom
minimal coupling to gravity

1 (inevitably?)

Brans-Dicke gravity

Scalar-Tensor gravity

t
SRS CHECRER N B [ MR- IR s R amd NON-Minimal coupling to gravity




Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G, = 87w G\T,
— —
o o~ o
1. Modified Gravity (MG) * A (from vacuum energy)

* Quintessence / Phantom

— —_— — —_— — —_— — —_—
—— NN I
’— ~~

FLRW | | 2. E’u;l_s_pac_e—n;ne l

3 RW metric



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G, = 87w G\T,
— —

1. Modified Gravity (MG) * A (from vacuum energy)

7. Extra Dimensions * Quintessence / Phantom
|=———————
| 1. Einstein GR

FLRW KZ' 3+1 space-time

3 RW metric !



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 81 Gy T

— —
1

1. Modified Gravity (MG) * A (from vacuum energy)
7. Extra Dimensions * Quintessence / Phantom
| == —————
| 1. Einstein GR :
isotropic FLRW | 2 3+1 space-time |

homogeneous - === === ]
Is FLRW a good approximation <} RW metric __



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 81 Gy T

_ “
T

1. Modified Gravity (MG) * A (from vacuum energy)
7. Extra Dimensions * Quintessence / Phantom

|- T == |
3. Averaging Einstein Equations | 1. Einstein GR

for an iInhomogeneous universe FLRW, 2 3+1 space-time |

- — L
— —~

~1

Is FLR\ a good approximation r3 RWmetric 4

—-—oem e w3 _am e



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G — 871 Gy\T

Uy

‘Geometry
1 T

Dark Geomett Dark Energy

ravity)
1. Modified Gravity (MG) » A (from vacuum energy)
7. Extra Dimensions * Quintessence
3. Averaging Einstein Equations :I EifTSt_@ifTG_R_ _:

for an inhomogeneous universe FLRW 12 341 space-time |
Non-ELRW : 3. RW metric :



Candidates: Dark Gravity vs. Dark Energy

Einstein Equations

G = 8w G\T,,

Uy

LeCosPA . ‘@
DE/MG WG ravity)

*/ Modified Gravity (MG) * A (from vacuum energy)

Gu and Hwang, Phys.Rev.D (2006)

Chen and Gu, arXiv:0712.2441

‘ EXtra DimenSionS Gu, arXiv:0801.4737

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

» Back reaction of inhomogeneities Gu and Hwang, Phys.Lett.B (2001)
for an inhomogeneous universe

Gu, arXiv:0711.36

Chuang, Gu and Hwang, Class.Quant.Grav (2008)
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DE /MG Working Group meeting

NS

» Meeting time in 2009 Fall Semester: Wednesday, 7:30 pm — (indefinite)
* Webpage:

No.Time Posted Poster Name Article Title
Wei-Ting Lin ( b
Fei-Hung H
Je-An G

30091111

20091104

28091028

27091021

n

Wei

Je-An
Je-An G

Je-An G n March
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Wolung Lee |

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

DE /MG Working Group meeting

s Meeting time in 2009 Fall Semester. Wednesday, 7:30 pm — (indefinite)
* Webpage:

Modified Gravity: numerical solution of background evolution
Poster : Chia-Chun Chang (NTNU) and Wei-Ting Lin (NTU)

Author :

Time : 2009-10-21

Dark Energy Working Group meeting on 2009.10.21

Reporter ; Chia-Chun Chang (NTNU) and Wei-Ting Lin (NTU)
Topic : Modified Gravity: numerical solution of background evolution
Date : October 21st, 2009 (Wednesday)

Time : 7:30 - 9:00 pm

Place : Room 815, New Physics Building, NTU

Participants: (5 persons)
Fei-Hung, Vincent, Chia-Chun, Wei-Ting, Je-An

- Coffee bean: 'Signature Blend (= _~) from "Paul Baésett" Shinjuku, Tokyo (&
- Coffee bean: 'Brazil Dattera Yellow Sweet (B =&EH. () from "Paul Bassett", Shlnjuku Tokyo (BE = F77

Food [supported by ANNAN Culture and Educatio

- 'Ningyo-yaki ( AfZ/&)' from "Kimura-ya honpo (

iIn Tokyo Asakusa Nakamise-dori Street (5 &= == [f 7 {55

- Coffee bean: 'Signature Blend (FZZEf¢ /7)) from "Paul Bassett" Shinjuku, Tokyo (
- Coffee bean: 'Brazil Dattera Yellow Sweet (2= E5H

- Tea: Japanese Green Tea (HZA<FIZ)



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

DE /MG Working Group meeting

s Meeting time in 2009 Fall Semester. Wednesday, 7:30 pm — (indefinite)
* Webpage:

Modified Gravit| , x;y:0801.2431 by Bertschinger and Zukin
Poster : Chia-Chun ti5 - jo_An Gu (LeCosPA)

A.utho.r : Author : Bertschinger and Zukin
Time - 2009-10-21  irjme : 2009-11-25

?ep-orFehr,l:gPiac;%h“'Reporter Je-An Gu (LeCosPAIlL. Coffee Beans from Melbourne |Australia
opic - Viodilied \5ra'Tonic : arXiv:0801.2431 by Bert N l .
Date : October 21st, In4te - November 25th, 2009 (W 'Eclipse’ (blend) from "VENEZIANO Catfe
lee 7R40 88{#% FUN '‘Costa Rica Herbazu' from "ST. ALi"
ace . Room , New SIC I . . ' . .
"2} 'Amazing Thai Snacks' from Bangkok airport,|Thailand

Participants: (5 persc Participants: (8 persons) B n : "
: : : - Bread from "Flavor Field SOGO
Fei-Hung, Vincent, CWqung Huitzu, Debu, Fei-Hun (@ )

g you may never enjoy unless you attend this meeting

_ Bread from "Flavor Field" (@ SOGO) /J
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**********************************************************************************************************

Food [supported by ANNAN Culture and Education (ZZ=732Z0)]:
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(Dark Energy & Modified Gravity) Phenomenology

i ol eantie
Cosmological Models (physical quantities) Observations

Dark Energy d, (2) SNe la

Modified Gravity LSS

matter power spectrum .
Dark Matter & z Lensing

Inflation CMB A&P spectrum CMB

(not limited to DE models)

p— —
| _Theoretical prediction | Observational info

Technique / Know-how



(Dark Energy & Modified Gravity) Phenomenology

i el i
Cosmological Models (physical quantities) Observations

Dark Energy d, (2) SNe la

MOdIfled GraVity matter power spectrum LSS
Dark Matter & z Lensing
Inflation CMB A&P spectrum CMB

Develop Cosmo.-Pheno.-Tech.

p— —
| _Theoretical prediction | Observational info

Tech'niq_gq / Know-h_bw '



(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].

s 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

G = 8w G\T,,

Uy

Modified Gravity Dark Energy
N '

M Different effects (predictions) on: SN
'BAO'

e Cosmic expansion (background evolution): a(t) «— CMB_'_

e Evolution of cosmic perturbations: 5 CD Y (K, a)<_ CL* |

@' matter density perturb metrlc perturb.

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



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

(modified gravity action)

e Cosmic expansion (background evolution): a(t) @

HZZ%pm_l_ E(Rf’_f)_HZf'_Hf'r GR: 2
° ° sz(gj =8ﬂ3GN (pm+pDE)
a 4G 1 1 . 1.
C P T T T A G,
a 3 pm |: 6 ? ? :| a 3 (pm+pDE+3pDE)

e Evolution of cosmic perturbations: o,,, @, ¥ (k,a) @

Sub-horizon, Fourier space K2 f"

o5 . 1 1+ 4 2 /
O +2H0,, —47G 00, =0 ﬁ(k,a); a” 1+f
42 ° 8rr(1+f S

Y =~ —47ZGeff Fpmdm a2 14 f'

2 " 2 "
9; 1+2k2 f 1+4k2 f
¥ a- 1+f’ a- 1+f’

GR: G, =const.,, =Y



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

(modified gravity action)

e Cosmic expansion (background evolutinn}: a/t
g2 _ 876 5 +F(Rf’—f)—H2f’— Indistinguishable!!

3 " |6 i 1)’ _ 841G,

3

a 4G 1 200 L 1g :
g:—Tpm—|—|:—gf‘|'H f _EHf _Ef:| Ay (pm+pDE+3pDE)

(pm *+ Poe )

e Evolution of cosmic perturbations: ¢, @, ¥ (k,a) @

Sub-horizon, Fourier space K2 f"

- . 1+4—
5m+2H5m_4ﬂGeffpm5m;O G (k a): 1 s Ay
. (D B
¥ = 4G F'Omdm a‘ 1+f’
2 " 2 " G .. : function of k,a
9; 1+2k2 f 1+4k2 f N ( )
P a” 1+f’ a” 1+f’ O =Y

GR: G, =const.,, =Y



MG-DE Models vs.

Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe |a
HO, o(2), W2), ... ™~ CMB

Dark Energy

Modified Gravity \ / Lensing
Cosmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

Theoretical prediction Observational info




(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)

Background Expansion SNe |a

HEY), p2), W), ... ™~ CMB

f(R)

Modifted Gravit
2 \ R— / Lensing
osmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

Theoretical prediction Observational info




(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe la
f(R) H@Y), p2), W(Z), ... ™~ CMB
Modified Gravity LSS

Lensing
Cosmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

Theoretical prediction Observational info




(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe la
Designer FR) H®, A2), W), ... "~ CMB
Modifted Gravity LS‘_Q"
Lensing

Cosmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

our plan



(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)

Background Expansion SNe |a

HEY), p2), W), ... ~~ CMB

“Designer f (R)”
Modifted Gravity \
Lensing
Cosmic Structures /

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

our plan



f(R) Modified Gravity



f(R) Modified Gravity : .Z. =R+ f(R)

(modified gravity action) metric : (_,+,+,+)
jd Xy-g[R+f(R)]+[d*xy/-9Z, o o
167ZG fr R frr = R2

Field egn: (@+f)R,, —%QW(R +f)+ (QWV“Va —V,,Vv)fR =82GT,,

e Cosmic expansion (background evolution): a(t)
Flat RW metric: ds® = —dt* +a®(t )dx?

2 872G 1 2 ' s
H" = T'Dm J{E(RfR —f)—H fr _HfR:| Peft %(RfR —f)-3H%, —3Hf,
a  4sG 1 1., 1.
—:—Tpm+|:—gf+H2fR_EHfR_EfR:| peff+3peff

82GP,, = %f _éRfR _ HZfR —|—2Hf'R +ﬂ<




f(R) Modified Gravity : .Z. =R+ f(R)

(modified gravity actioni

% Cosmic expansion (background evolution): a(t)

Flat RW metric: ds? = —dt? + a?(t )dx? R=6(§+H2j:6(H+2H2)
826 _of
HZZT(pm_'_peff) fR=8_R
a 4G 2
g:_ 3 (pm+peff+3peff)pm fRREﬁ
,
— : —
=— | ~(Rf; =) =3H"f; — 3Hf sl
< Peti 87ZG|:2( R ) = R:l fR pr= =
===t —
Pes :—[—f ——Rf, —H*f, + 2Hf, +fR}
\ 8761725
V%ﬁ:_l+F“m@—4H%R—Hg4i§

(Rf, —f)/2 —3H?f, — 3Hf,



f(R) Modified Gravity : .Z. =R+ f(R)

(modified gravity actioni

% Cosmic expansion (background evolution): a(t)

Flat RW metric: ds® = —dt* +a2(t)dx2 R = 6(a+H2j 6(H +2H?)
87ZG _of
H 3 (IOm +/0eff) fR =a—R
a 4G o2
a3 PntPu t 3Py T =27
f
==k - S
=— |~ (Rfg =f)—3H; —3Hf; | f, =2 -1
{ Peti 87ZG|:2( R ) = R:l fR pr= =
Py = == lf—in —H, +2Hf, +1,
87G|2 6
t a category of f(R)

For a given expansion history H(t), we can (always?) find a f(R)
that generates the required H(t). different initial condition - different f(R)
I he f(t) satisfies a 2nd-order diff. eq. given by Friedmann eq.




f(R) Modified Gravity : .Z. =R+ f(R)

(modified gravity action)

% Evolution of cosmic perturbations: ¢, ®, ¥ (k,a)
e Perturbed metric with scalar perturbations in a longitudinal gauge:

ds® = —(1+ 2% )dt? + a*(1- 2d)s,dx'dx’
e Decompose quantities into background and inhomogeneous parts:

TmOO = —(,Om + 5,0m), Tmoi = PmVmi Vm' velocity potential

Sub-horizon, Fourier space K2 f"

. 5 1 1+4 2 ’

5y +2HS, ~47G P00, =0 G (k.a)= a® 14f
. ° 87(1+f') L

Y ~ —47ZGeff F,Onﬁm a.2 1—|—f’

2 " 2 " G_ .. : function of k,a
9; 1+2k2 J 1+4k2 f o ( )
¥ a“ 1+f’ a“ 1+f’ O =Y

GR: G, =const.,, ® =Y




Designer f(R)



(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)

Background Expansion SNe |a

HEY), p2), W), ... ™~ CMB

“Designer f (R)”
Modifted Gravity \
Lensing
Cosmic Structures /

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

our plan



(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe |a
W,4(2) = different constant ™~ CMB

“Designer f(R)" different initial conditions 1SS

Modifted Gravit
y \ - — / Lensing
osmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

our plan



(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe |a
W,4(2) = different constant ™~ CMB

“Designer f(R)" different initial conditions 1SS

Modifted Gravit
- \ — / Lensing
osmic Structures

** Lombriser, Slosar, Seljak, and Hu, arXiv:1003.3009
“Constraints on f(R) gravity from probing the large-scale structure”

*$* Giannantonio, Martinelli, Silvestri, and Melchiorri, arXiv:0909.2045

“New constraints on parametrised modified gravity from
correlations of the CMB with large scale structure”



(Our work) f(R) MG vs.

** Lombriser, Slosar, Seljak, and Hu, arXiv:1003.3009
“Constraints on f(R) gravity from probing the large-scale structure”

3 fr —, H , df j
B = =
0<B,<1.1x10 T ( i
95% C.L.

*¢* Giannantonio, Martinelli, Silvestri, and Melchiorri, arXiv:0909.2045

“New constraints on parametrised modified gravity from
correlations of the CMB with large scale structure”

k* for

Y y Lhd 2 1+f

a” 1+

1<_<1.996 = k2 .I: :
D ® 1+2 RR

95% C.L. a’ 1+fy



Results



(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe |a
— , ¥ W(2)=-1~-087 ™~ cwmB
De§!gner f (R) different initial conditions 1SS
Modifted Gravity _
Lensing

Cosmic Structures

(linear cosmological perturbations)
e matter density perturb.: dp.(z)
e metric perturb.: ®,¥ (scalar),...

our plan



(Our work)

“Designer f(R)” MG  w=-1.0&-0.9

8, =10° w, =-1.0: f(a)/Hi=-104, f,(a)=5.0x10"*

Wy, =-0.9: f(a )/HZ =-100, fy(a)=-5.4x10""

& !




(Our work)

“Designer f(R)” MG

w=-1.0

1+f.(0)>0

1+f,(0)<0
(not allowed)




(Our work)

“Designer f(R)” MG w =-0.9

1+f,(0)<0
(not allowed)




(Our work)

“Designer f(R)” MG w=-1.0




(Our work)

“Designer f(R)” MG w =-0.9




(Our work)

f(R) MG vs.
Cosmological Inter-medium
Models (physical quantities)
Background Expansion SNe |a
W,4(2) = different constant ™~ CMB

“Designer f(R)" different initial conditions 1SS

Modifted Gravit
- \ — / Lensing
osmic Structures

< Lombriser, Slosar, Seljak, and Hu, arXiv:1003.3009 0<B, <1.1x10~
“Constraints on f(R) gravity from probing the large-scale structure”

*$* Giannantonio, Martinelli, Silvestri, and Melchiorri, arXiv:0909.2045

“New constraints on parametrised modified gravity from 1< s ~1.096
correlations of the CMB with large scale structure” o



(Our work)

“Designer f(R)” MG

=SES=E====°=
I Il I
e
00 00 0 WD WD Do D
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(Our work)

“Designer f(R)” MG

=SES=E====°=
I Il I
e
00 00 0 WD WD Do D
e e L




{Our work) “Designer f(R)” MG

O 1+2(k2/a XfRR/1+f )

3.5

=SES=E====°=
I Il I
e
00 00 0 WD WD Do D
e e L

1< E <1.996
)]

95% C.L.




{Our work) “Designer f(R)” MG

O 1+2(k2/a Nfar /1+12)
|

=SES=E====°=
I Il I
e e
| COmuwWoDoo
e e

—

[
r

1< E <1.996
)]

95% C.L.




QUL work “Designer f(R)” MG

¥ 1+4k?/a’ ffee /1+15)
O 1+ 2(k2/a2XfRR/1+fR)

2.2 -
2 =
1.8 |

1.6 |

1< ks <1.996
()

1.4 F
95% C.L.

1.2 |

1_




QUL work “Designer f(R)” MG

¥ 1+ 4(k?/a% N /L4 )
O 1+ 2(k2/a2XfRR/1+fR)

2.4 -

2.2 -

z2

1.8 |

1.6 |

1< ks <1.996
()

1.4 F
95% C.L.

1.2 |-

1_




QUL work “Designer f(R)” MG

¥ 1+4k?/a’ ffee /1+15)
O 1+ 2(k2/a2XfRR/1+fR)

2.4 -

2.2

Z

1.8

LB - 1<E<1.996
O

L4 = 95% C.L.

1.2 -

1




{Our work) “Designer f(R)” MG

¥ 1+4lk?/a’ [fee 1+ 15)
O 1+ 2(k2/a2XfRR/1+fR)

2.4 -

22

z

1.8

1< ks <1.996
()

95% C.L.




{Our work) “Designer f(R)” MG

¥ 1+4lk?/a’ [fee 1+ 15)
O 1+ 2(k2/a2XfRR/1+fR)

2.4
22
e

1.8 |

1< ks <1.996
()

95% C.L.




{Our work) “Designer f(R)” MG

O 1+2(k2/a XfRR/1+f )

2.4 -
2.2 -
.

1.8

1< ks <1.996
()

95% C.L.




QUL work “Designer f(R)” MG

¥ 1+4lk?/a’ [fee 1+ 15)
O 1+ 2(k2/a2XfRR/1+fR)

At

2.2 F

: J

1.8

Ler 1<E<1.996
()

BT 95% C.L.

1.2 -

1




QUL work “Designer f(R)” MG

¥ 1+4lk?/a’ [fee 1+ 15)
O 1+ 2(k2/a2XfRR/1+fR)

2.4 -
2.2

b
1.8

a 1<E<1.996
()

1.4 |
95% C.L.

1.2 |-

1_




“Designer f(R)” MG : Observational Constraints

initial condition

— — —~

Wett A f(a) 10%° fr(ay)
—-1.00 -10-7~10* - 4.379+¢ -10°~-10°
—-0.99 — 5271+ — 5.273+¢ — 0.119+¢
—0.97 — (./89+¢ — 7.791+¢ — 0.780+¢
—0.97 — [.7/89+¢ — 7.791+¢ — 0.780+¢
—-0.95 —11.787+¢ —11.790+¢ — 0.780+¢
—0.93 —18.241+¢ —18.250+c —10.068+¢
-0.91 —28.838+¢ —28.862+s —32.241+¢
—0.89 —46.542+c —46.608+c —101.04+¢

—0.87 —76.660xe —-76.841+¢ —313.49+¢



Summary



Summary

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

*» There exist “designer f(R)” models consistent with data.
- we need to fine tune the initial conditions
In order to have those observation-consistent models

* Most of the models under our consideration predict W/® = 2,
which is consistent with the current constraint (95% C.L.): 1<W/D<2.

If the future observations can give an upper bound significantly
smaller than 2, many models will be ,

on the contrary, for a lower bound significantly larger than 1,
will be



Thank_ you.
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