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 Gravity is the most interesting 
interaction in Nature, and the one 
we know less about 

  Gravity determines the Universe 
evolution: Cosmology 
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Accelerators: CERN 
 We study interactions in accelerators: CERN the world´s largest. 
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Cosmology: the Lab of gravity 

 Gravity cannot appear in accelerators. So we need to observe it in 
the Universe: Cosmology 
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 Aristotle - 350 BC 

 According to Aristotle heavier bodies fall faster. 

 Bodies fall in order to com back to thei “initial state”.  
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Galileo - 1600  
 Bodies fall with the same speed, independently from their weight.  
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Brahe, Kepler- 1600  
 Heliocentrism, elliptical Orbits 
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Newton - 1700  
 Law of Universal Gravitation:  

     All bodies (either apples or planets) attract mutually.  

     First time that gravity is related to astronomy  



 

 Mercury periliheimum - 1859 

• The true orbits of planets, even if seen from the SUN 

are not ellipses. They are rather curves of this type: 

For the planet Mercury it is 

This angle is the 

perihelion advance, 

predicted by G.R. 
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Michelson–Morley experiment - 1887 
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Gravity: General Relativity 

 Matter tells spacetime how to curve  

    Curved spacetime tells matter how to move 

 It seems weird but it has 
been verified everywhere  
(Satellites, GPS, etc) 
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General Relativity 

 Einstein 1915: General Relativity:  

 

 
 

   energy-momentum source of spacetime Curvature 
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Observations 

 

 

 

 

 

 

 
 SDSS (Sloan Digital Sky Survey) 2004: ~ clusters ”above and below 

the galactic plane” up to 1 Gpc  

16 1

6 



17 

Observations 

 As the scale we observe the Universe increases, it looks as homogeneous 
and isotropic.  
 

 Cosmological Principle: “axiom” (indirect result) 

      Ι) We know that earth is an isotropic observation point. 

      ΙΙ) An anisotropic system has up to one isotropic observation point. 

 

 Hence, either we lie in the only isotropic observation point in an 
anisotropic Universe, or all its points are isotropic observation points.  

 

 Thus, the Universe is homogeneous and isotropic (isotropic and 
inhomogeneous is not possible)  
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Observations 

  Hubble 1929: The Universe expands 

18 18 

rHv 
11

0 70  MpcskmH



Expansion 

1








vc

vc
z





c

v




20 

Observations 
 Since the Universe expands it is reasonable that it originates from a “too tiny” 

and “too dense” “primordial atom” (Lemaitre 1927) 

 

 Alpher, Bethe, Gamow (1948): The Universe begun to expand from a very 
high-density and high-temperature state towards less dense and hot states. 
Hoyle named the theory “The Big Bang Theory“. 

 
 

 Prediction I: Nucleosynthesis has primordial origin, namely at first 3 minutes   

                        (~     Κ) (giving 25% Helium) and not in stars (1-4%) 

                     As observed. 
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Observations 
 Prediction II: The primordial Universe became full of high-energy photons 

                            

 

                            380.000 years after (~3000Κ) they decouple from electrons            

                            (Recombination era). Black body radiation (today ~2.7 Κ) 
 

 1965 Penzias και Wilson 
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Theoretical arguments 

 Big Bang Theory explained: Olbers paradox (1826) (why night sky is not 
bright), Ryle (1970) (Radio galaxies density increases with redshift), Element 
abundance, CMB, etc 

 
 Theoretical Problems: 

 

 I) Horizon problem: Why points at opposite directions have the same 
properties 

 II) Flatness problem: Why the universe is today almost spatially flat 

          ~0.001. It must have started with ~       ! 

 Monopole problem: They are not observed. 
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Inflation 
 Kazanas, Guth, Linde (1982): The Universe            after the Big Bang, through 

some mechanism went into an exponential expansion up to             increasing 
in size ~       times: Inflation.  

 

 Ι) The observable Universe is a tiny part of the total one, and originates from 
a small, causally connected region.  
 

 ΙΙ) Due to the huge expansion, the spatial curvature became almost zero.  
 

 ΙΙΙ) Due to the huge expansion  the monopoles spread in all regions, and thus 
our own, observable universe, has at most one. 
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Inflation 
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Dark Energy 

 The Supernovae type Ia (explosions of binaries with one being white dwarf) are 
“standard candles”, since their absolute magnitude M can be determined. 

 

 In 1998 οι Perlmutter, Schmidt, 

     Riess observed that 50 SnIa 

     had smaller apparent magnitude 

     than expected hence light  

     traveled more, and thus  

     the Universe today expands 

     faster than before! 
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Dark Energy 

 The accelerated expansion is verified by independent observations, Cosmic 
Microwave Background (CMB), Baryon Acoustic Oscillations (BAO), Large 
Scale Structure (LSS), etc    

 

 

 Around 70% of the total energy density of the Universe is this unknown  
dark energy (it does not interact electromagnetically).  

 

 Possible explanation: The cosmological constant Λ (Einstein’s “greatest 
blunder”). A term that produces the extra “repulsion”. 
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Dark Matter 

 Galaxy rotation curves: 

     

 

 

 

 

 Bullet cluster (collision of two galaxy clusters) 

 

 

 

       
 





 80% of matter is an 
“unknown” dark matter 
(it does not interact 
electromagnetically)! 
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Dark Matter 

     

 

 

 

       
 

29 
29 



Cosmic Microwave Background radiation                      

 Since 1989, COBE, WMAP και Planck satellites show that CMB has small 
fluctuations: 
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Cosmic Microwave Background radiation                      

 From the fluctuation spectrum we extract information: The first peak provides 
the spatial curvature (it results to flat universe), the second peak the baryon 
energy density parameter, the third peak the dark matter energy density 
parameter, etc.   
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Inflation can also explain CMB and seeds 
of LSS 

 Additional success: Inflation provides the necessary primordial fluctuations, 
which letter gave the Large Scale Structure of matter: 

32 
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Summary of Observations 

The Universe history: 

33 
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How to describe the Expanding Universe? 

     General Relativity: The evolution of the 4-   

       dimensional spacetime is determined by the                 

       distribution of matter  
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G.R. model of the  physical world 

• The when and the where of any 
physical physical phenomenon 
constitute an event. 

• The set of all events is a 
continuous space, named space-
time 

• Gravitational phenomena are 
manifestations of the geometry 
of space—time 

• Point-like particles move in 
space—time following special 
world-lines that are “straight” 

• The laws of physics are the 
same for all observers 

 

 

• An event is a point in a 
topological space 

• Space-time is a 
differentiable manifold 
M 

• The gravitational field is 
a metric g on M 

• Straight lines are 
geodesics 

• Field equations are 
generally covariant under 
diffeomorphisms 

Physics Geometry 



Describing Expanding Universe 

Homogeneous and Isotropic  (Friedman-Robertson-Walker metric): 

 

 

 
 

            : scale factor, 

     k=0,-1,+1  flat, closed  open 3D spatial geometry 

 

 

 

 

 












 2

2

2

2

2
2222

1
)( dr

kr

dr
tadtcds

)(ta



Describing Expanding Universe 

 

 

 Field equations in FRW geometry (Friedmann Equations):  

 

 

 

 
 

 Conservation Equation of matter perfect fluid 
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Describing Expanding Universe 

  Equation of State: 

 

  Evolution of the universe for a fluid with constant w,  

     in flat space (k=0): 

 

 

 

 

 
  Matter Universe (          ): 
 

  Radiation Universe        (           ): 
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Describing Expanding Universe 

   We can use the redshift z as parameter of time evolution, up to   

     recombination epoch z=1100: 
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Standard Model of Cosmology 
 
ΛCDM Paradigm + Inflation 
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  Describes the thermal history of the Universe at the background level 

  Epochs of inflation, radiation, matter, late-time acceleration 

 

 

       
 







COSMIC MICROWAVE 
BACKGROUND 

 (CMB) 



Cosmic Microwave Background radiation                      

 From the fluctuation spectrum we extract information: The first peak provides 
the spatial curvature (it results to flat universe), the second peak the baryon 
energy density parameter, the third peak the dark matter energy density 
parameter, etc.   
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Contributions to temperature C l 

+ other 













LARGE SCALE      
 STRUCTURE 





























































Summary: 
 

ΛCDM concordance 
model is almost perfect! 
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Issues of  ΛCDM Paradigm 

 ΛCDM is a successful cosmological model: 

1) Describes the evolution of the universe at the background level 

2) Describes the evolution of the universe at the perturbation level  

     

  However there are open issues: 

     1) General Relativity is non-renormalizable. It cannot get quantized. 

     2) The cosmological-constant problem. Calculation of Λ gives a          

         number 120 orders of magnitude larger than observed.  

          Worst error in the history of physics, history of science, history 

     3) How to describe primordial universe (inflation) 

     4) Tensions with some data sets, e.g. H0, fσ8, AL data 

     5) Missing galaxy satellites, curspy-core problems.  

 



Can General Relativity be quantized? 





COSMOLOGICAL CONSTANT  

PROBLEM 
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Tension1 – H0 
 Tension between the data (direct measurements) and Planck/ΛCDM (indirect 

measurements). The data indicate a lack of “gravitational power”. 

 

 

 

 

   [Bernal, Verde, Riess, JCAP1610]  [Riess et al, Astrophys.J 826]  
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Tension1 – H0 

 Tension between the data (direct measurements) and Planck/ΛCDM (indirect 
measurements). The data indicate a lack of “gravitational power”. 

 This tension could be due to systematics.  

 

 If not systematics then we may need changes in ΛCDM in early or late time 
behavior. 

 Higher number of effective relativistic species, dynamical dark energy, non-
zero curvature, etc.  

 

 

 

 

 Or Modified Gravity.  
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Tension2 – fσ8 
 Tension between the data and Planck/ΛCDM. The data indicate a lack of 

“gravitational power” in structures on intermediate-small cosmological 
scales. 
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Tension2 – fσ8 
 

 Model Dependence: Distance to 
galaxies is not measured directly, so a 
cosmological model is assumed in 
order to infer distances (ΛCDM with 
different parameters). 

 

 Double counting: Some data points 
correspond to the same sample of 
galaxies analyzed by different 
groups/methods etc.                                                            

   [Kazantzidis, Perivolaropoulos, PRD97]  
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Tension1 – fσ8 

 Tension between the data and Planck/ΛCDM.  

 This tension could be due to systematics. E.g: 
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Tension2 – fσ8 

 Tension between the data and Planck/ΛCDM.  

 This tension could be due to systematics. E.g: 

 

 

 

 

 

 

 If not systematics, the data indicate a lack of “gravitational power” in 
structures on intermediate-small cosmological scales (expressed as smaller 
Ωm at z<0.6, or smaller σ8, or wDE<-1).  

 It could be reconciled by a mechanism that reduces the rate of clustering 
between recombination and today: Hot Dark Matter, Dark Matter that 
clusters differently at small scales, or Modified Gravity.  

 

 

 

   [Kazantzidis, Perivolaropoulos, PRD97]  



Knowledge of Physics 

Knowledge of Physics: Standard Model + General Relativity 

E.N.Saridakis – SEMFE, NTUA, March 2016 
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Modified/new knowledge of physics 

    So can our knowledge of Physics describes all these? 

Most probably, no! 

We definitely need new physics for Inflation and Dark matter. Maybe for dark energy. 
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Why Modified Gravity? 

    We need to modify something: 

      

    The universe content 

                     or    

    The theory of Gravity 

 
 



 Add a scalar field φ  in the Universe content  

100 

Dark Energy-Inflation 



101 

General Relativity 

 Einstein 1915: General Relativity:  

 

 
 

   energy-momentum source of spacetime Curvature 
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Modified Gravity 
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Cosmology-background 

 Homogeneity and isotropy: 

 

 Background evolution (Friedmann equations) in flat space 

 

 

 

     (the effective DE sector can be either Λ or any possible modification) 

 

 One must obtain a H(z) and Ωm(z) and wDE(z) in agreement with 
observations (SNIa, BAO, CMB shift parameter, H(z) etc) 

 

 



Cosmology-background 
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Cosmology-perturbations 

 Perturbation evolution:                                       where  

    where                 is the effective Newton’s constant, given by   

 

 

 under the scalar metric perturbation 

 

 Hence: 

 

     with                        the growth rate, with                          and 

 

 One can define the observable: 
 

     with                      the z-dependent rms fluctuations of the linear density field within spheres of     

     radius                        , and σ8 its value today. 

 

 

 



Cosmology-perturbations 


