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Isotropy and homogeneity

• Isotropy

CMB fluctuation

• Homogeneity

galaxy distribution

Basic assumptions (1)
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2dF galaxy redshift survey 



• Friedmann-Robertson-Walker (FRW) metric 
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Basic assumption (2)

• General Relativity (GR)

• Matter 

• Bianchi identity 

geometry matter

1
8

2
G R g R GT     

( )T p u u P  

      ( 1,0,0,0)u  

0G   0T  



Friedman equation

• Einstein equations

• Energy-momentum conservation

• Two of these equations are independent

Three unknown quantities                                

we need to specify the equation of state                   
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Basic assumption (3) 

• We introduce dark energy in addition to “known” matter such as 
baryons, cold dark matter and radiation and assume that they satisfy 
the conservation equation independently 

• equation of state 

• Density parameter 
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What we measure

• Distance  assumption (1)

• Luminosity distance and angular diameter distance

redshift   
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• Age of the universe

• The present day Hubble parameter

• Distance at small redshifts    
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Theoretical predictions 

• Now we use assumption (2) and (3)

• LCDM model

• Distance measurements 

Supernovae   

Cosmic Microwave, 

Baryon Acoustic Oscillations 
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This is what we found 



Cosmological constant 

• Action

Einstein equations 

cosmological constant does not diminish by the expansion of the  
universe and the expansion of the Universe accelerates 
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Why should we bother?

• What’s the problem?

LCDM works well to explain observations 

The cosmological constant can be included in Einstein’s GR

• Energy scales  (natural unit                           ) 1Bc k  
1/2 191.22 10 GeVplm G  
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Vacuum energy

• Quantum fields have zero-point energy 

massive fields (boson and fermion) 

vacuum energy 

This depends on Ultra-Violet (UV) physics but it is robust that there is a contribution 

of order 
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Vacuum energy is huge 

• The observed cosmological constant

electron

if

• Phase transition 

vacuum energy change by phase transitions 

electroweak 

QCD     
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Is vacuum energy real? 

• Casimir energy

zero-point energy per unit area

total energy                                                depend on d  and diverges as                but 
the force between the two plates is finite 
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Old cosmological constant problem  

• Zero-point energy is not important in quantum field theory in flat 
spacetime (cf. Casimir force is determined by                     not          ) 

• In GR, matter curves spacetime including vacuum energy. 

• Fine tuning  

vacuum energy is very sensitive to UV physics thus tuning is not stable under radiative 

corrections   
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Many attempts

• Symmetry

supersymmetry

but we know supersymmetry is broken at high energies

Naturalness 

If the theory has an enhanced symmetry with             that is valid at quantum 

level, the small                                   is technically  natural as quantum corrections 

arise only from  non-zero 
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Many attempts

• Self-tuning 

extra fields absorb large vacuum energy in the matter sector 

Weinberg’s no-go theorem  

Let’s consider a scalar field and metric with matter fields. We want to achieve

the last condition is fine-tuning

, const.g   
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Many attempts 

• Degravitation

source with wavelength larger than is filtered out and does not gravitate

• 6D braneworld model
Two extra dimensions are compactified as a sphere 

We are living on a “brane”, which is a point on this 

two sphere

The cosmological constant on this 4D brane does not gravitate and it only changes the 

geometry of extra-dimensions  
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New cosmological constant problem 

• Assume that the old cosmological constant is solved, we then need to 
explain why the expansion of the Universe appears to be accelerating 
now

• Coincidence problem  

why 

anthropic principle

otherwise we don’t exist

m 

Arkani-hamed et.al. astro-ph/0005111



So, we should bother! 

We know vacuum energy exists, but it does not gravitate in the way it 
should in GR. It is important to know whether the acceleration of the 
Universe is caused by the (fine-tuned) cosmological constant or not.

It is important to reconsider all the assumptions: 

1. Homogeneity and Isotropy 

2. General Relativity

3. Matter content of the Universe 



Assumption (1) 

1. The Copernican principle: we are not at a special location in the universe 

2. The cosmological principle: on large scales, the universe is homogeneous and 
isotropic    

FRW metric 

If all observers measure isotropic distance-redshift

relation, then the spacetime is FRW 

We need the Copernican principle to show the 

cosmological principle but this is hard to test  

Clarkson  1204.5505



Assumption (1)

• Void models 

If we happen to live inside a void with low densities, the expansion of the universe 
appears to be accelerating

ex.) Lemaitre-Tolman-Bondi model

simple mode is ruled out 

low       ,  radial velocities of clusters 

(kinetic Sunyaev-Zeldovich effect) 
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Back-reaction

• The Universe becomes inhomogeneous at late time. If the back-reaction of these 
imhomogeneities cause the acceleration, we can solve the coincident problem. 

long-standing debates on the magnitude of the 

effect on the expansion of the Universe from small 

scale inhomogeneity. 

It is difficult to explain the acceleration 

Velten. et.al. 1410.2509



Assumption (2)

• Why we believe in general relativity?

• Observational point of view 

GR is tested to very high accuracies by solar system  experiments  and pulsar 
timing measurements 

• Theoretical point of view 

GR is the unique metric theory in 4D that gives second order differential 
equations 

Will gr-qc/0510072



Solar system tests 

• Post-Newtonian parameter

• Bending of lights 

• Shapiro time delay  
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Pulsar timing 

• Hulse & Taylor binary pulsar
Orbital decay due to gravitational

waves perfectly agrees with GR

prediction 



Pulsar timing 
• Post Keplerian parameter

Science 314 (2006) 97-102

assuming GR
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Dark Energy

10 kpc
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Gravitational potential

Dark Matter

Tests of GR 
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Psaltis Living Rev. Relativity 11 (2008), 9
Baker et.al. ApJ 802 63 (2015) 



Yunes et.al. 1603.08955

LIGO collaboration



Assumption (3)

• What is dark energy

In the background, all information is encoded in the equation of state

what are the candidates for dynamical DE

• How to distinguish between DE and modifications of gravity   
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Abazajian et.al. Dark Energy and CMB



Euclid   (2020-) http://sci.esa.int/euclid/



• Lecture 2  Models of dark energy/modified gravity

• Lecture 3  Structure formation and observational tests

• Lecture 4  Observational tests and non-linear structure formation 


