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Discovery
Expansion rate of the Universe 

measured using supernovae 1998-99 
(Nobel prize 2011)

Confirmation
Cosmic Microwave Background 

measurements, 2003
Clustering of galaxies measurements, 

2004 
 

A breakthrough discovery in physics

The accelerating expansion of the spacetime of 
Universe 

The accelerating Universe challenges Einstein’s General 
Relativity (GR) 

Spacetime curvature = Matter 
distribution

General Relativity
 

Attractive force among matter particles

a decelerating expansion of spacetime
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Relativity (GR) 

Spacetime curvature = Matter 
distribution

General Relativity
 

Attractive force among matter particles

a decelerating expansion of spacetime

One of the most profound problems in science today!One of the most profound problems in science today!
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The expansion of the Universe can accelerate 
if

Dark Energy 

In GR, to add new 
‘repulsive matter’, which 

contributes 70% total 
energy 

Modified Gravity

To modify General 
Relativity

NASA/Jim Campbell/Aero-News Network
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Modified Gravity

Cosmological 
scales
R>Gpc

Resemble GR+L

Small scales Large scales
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Cosmological tests of GR on linear 
scales

Cosmological 
scales

   Galaxy scales
   

Structure 
formation 
scales      

Small scales Large scales

The deviation from GR is encoded in 

g: deviation from 
the geodesics 

g: deviation from 
the geodesics 

In GR, m=g=1
A smoking gun of modified gravity: 

m and/or g deviates from 1
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High-resolution numerical simulations, GBZ et al, Phys. Rev. D 2010 

Green:LCD
M
Purple:f(R)

Cosmological 
scales

   Galaxy scales
   

Structure 
formation 
scales      
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GR
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f(R)
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Linear perturbation in FRW universe 
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General RelativityModified Gravity
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CAMB code                  M+B ’ 96
                                     astro-ph/9506072

   

h'k = dgq/2                                 h'k 2 = 4pGa2(r + P )q

clxcdot =  - kz                            d'c =  - 1

2
h'

z = (0.5dgrho/k +hk)/adotoa       k 2h -
1

2

a'

a
h'= 4pGa2dT0

0

sigma =  z +1.5dgq/k 2                 s =
h'+6h'

2k

Differential equations to evolve in CAMBDifferential equations to evolve in CAMB

Constraint equations (algebraic)Constraint equations (algebraic)



In default CAMB (GR)

file:///E:/school_on_cosmo_tools/talks/talks/%23Slide%2036


In MG (arXiv:1106.4543)
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            ḣ=
kr
2k 2

(1+ w)q

                 (m = g =1)

                

(CAMB)

(MGCAMB)
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m(a,k) =
1+ a1k

2as

1+ a2k
2as

,    g(a,k) =
1+ b1k

2as

1+ b2k
2as

Example 1:
(model=1, 0809.3791) 
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Example 2: Linder’s g
(model=6, astro-ph/0701317) 

(LCDM)
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Example 3: f(R) gravity [Hu-Sawicki model]
(model=8, 0705.1158) 
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m = 4

3
- (ma)2

3[k2 + (ma)2 ]

g =1- 2k2

[3(ma)2 + 4k 2 ]
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Gong-bo.zhao@port.ac.uk
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