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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 

 

  Cosmology has become a precision 
science with an incredibly huge 
amount of data   

 



Thales of Miletus   624 BC- 548 BC  

Desrcibe Natute (Physis) without superstition, myth or religion, 

but with observation, experimentation, superposition and 

deduction. The term Physics appears. 



Pythagoras of Samos    570 BC- 495 BC  

The terms Mathematics (that which is learnt) appears 



Themistokleia   6th century BC  



Euclid    325 BC- 270 BC  

Father of Geometry (Measuring the Earth).  

Axiom, Lemma, Theorem, Proof.  
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      Aristototelian-Ptolemaic  
          cosmological model 

Autolycos, Eudoxos, Callipos, Apollonios, Conon, Arhimedes, 

Hipparchos, Sosigenes, Ptolemy 
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Maragha Observations   

 Observations in Maragha in 

 11th century, started putting 

 into doubt Earth’s non-motion,  

 however not geocentrism.  
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Copernicus - 1500  
 Heliocentrism, (Aristarchus) 
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Brahe, Kepler- 1600  
 Heliocentrism, elliptical Orbits 
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Galileo - 1600  
 Bodies fall with the same speed, independently from their weight.  
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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. 
m3m
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Michelson–Morley experiment - 1887 
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General Relativity 

 The last theory from one scientist, the first collective theory 
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Gravity: General Relativity 

 Matter tells spacetime how to curve  

    Curved spacetime tells matter how to move 



60 years of tension 

E.N.Saridakis – Dundee, May 2025 
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Modified Gravity before General Relativity 

 Modifications to Newton's Law  

 Inverse Cube Law.  

 Extended Inverse-Square Law (Simon Newcomb -1880’s)  

 Lord Kelvin - theory of everything (end of 19th century) 

 Hendrik Lorentz: gravity on the basis of his ether theory 
and Maxwell's equations. (1900)  

 Nordström's theory of gravitation (1912 and 1913)  

 Einstein's scalar theory of gravity (1913)  
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General Relativity 

 Einstein 1915: General Relativity:  

 

 
 

   energy-momentum source of spacetime Curvature 
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The issue of reference frames 

and observers Since oldest 

antiquity the 

humans have 

looked at the sky 

and at the motion 

of the Sun, the 

Moon and the 

Planets. Obviously 

they always did it 

from their 

reference frame, 

namely from the 

EARTH, which is 

not at rest, neither 

in rectilinear 

motion with 

constant velocity! 

Who is at motion? The Sun or the Earth? 

A famous question with a lot of history behind it 



Classical Physics is founded....... 

• on circular reasoning 

• We have fundamental laws of Nature that 

apply only in special reference frames, the 

inertial ones 

• How are the inertial frames defined? 

• As those where the fundamental laws of 

Nature apply 

 



• It would be better if 
Natural Laws were 
formulated the same in 
whatever reference frame 

• Whether we rotate with 
respect to distant galaxies 
or they rotate should not 
matter for the form of the 
Laws of Nature 

• To agree with this idea we 
have to cast Laws of 
Nature into the language of 
geometry.... 

The idea of General Covariance 



Constant gravitational 

field 

Gravity has been  

Locally suppressed  

Equivalence Principle: a first 

approach 

Inertial and 

gravitational masses 

are equal 

Newton’s Law 

Accelerated frame 



This is the Elevator Gedanken 

Experiment of Einstein 

There is no way to decide whether we are in 

an accelerated frame or immersed in a 

locally constant gravitational field 

The word local is crucial in this 

context!! 



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 



Hence the mathematical model 

of space time is a pair: 

 gM ,

Differentiable 

Manifold  
Metric 

We need to review these two fundamental concepts  



Tangent spaces and vector fields 



A tangent vector is a 1st order 

differential operator 

Under change of local 

coordinates 



Parallel Transport 
A vector field is 

parallel transported 

along a curve, when 

it mantains a 

constant angle with 

the tangent vector to 

the curve 



The difference between flat and 

curved manifolds In a flat manifold, 

while transported, 

the vector is not 

rotated.  
In a curved manifold 

it is  rotated: 
 



To see the real effect of 

curvature we must consider..... 

Parallel transport along LOOPS 

After transport 

along a loop, the 

vector does not 

come back to the 

original position but 

it is rotated of some 

angle. 



What do particles do in a 

gravitational field? 
Answer: They just go straight as in empty space!!!! 

It is the concept of straight 

line that is modified by the 

presence of gravity!!!! 

The metaphor of  Eddington’s sheet 

summarizes  General Relativity. 

In curved space straight lines are  

different  from straight lines in flat 

space!!  

The red line followed by the ball 

falling in the throat is a straight line 

(geodesics). On the other hand space-

time is bended under the weight of 

matter moving inside it! 



What are the straight lines 
They are the geodesics, curves that do not change length under small 

deformations. These are the curves along which we have parallel 

transported our vectors 

On a sphere 

geodesics are 

maximal circles 

In the parallel transport the angle with 

the tangent vector remains fixed. On 

geodesics the tangent vector is 

transported parallel to itself. 



Let us now review the general 

case 

Christoffel 

symbols 

= 

Levi Civita 

connection 













The Christoffel symbols are: 

Where from do they emerge and what is their meaning? 

ANSWER: They are the coefficients of an affine 

connection, namely the proper 

mathematical concept underlying the 

concept of parallel transport. 

Let us review the concept of 

connection 



It suffices that the field equations be 

of the form: 

abab TGG   4 0ab

aTD

•Source of gravity in Newton’s theory is the mass 

•In Relativity mass and energy are interchangeable. Hence Energy must 

be the source of gravity. 

•Energy is not a scalar, it is the 0th component of 4-momentum. Hence 

4—momentum must be the source of gravity 

•The current of 4—momentum is the stress energy tensor. It has just so 

many components as the metric!! 

•Einstein tensor is the unique tensor, quadratic in derivatives of the 

metric that couples to stress-energy tensor consistently 
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         General Relativity 

 

 

 
 

   Energy-momentum source of spacetime Curvature 
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Keplerian orbit 

The effects: Periastron Advance 

Numerical solution of  

orbit equation in G.R. 



Bending of Light rays 



Observations 

 

 

 

 

 

 

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

the galactic plane” up to 1 Gpc  

53 
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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)  

54 54 
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Observations 

  Hubble 1929: The Universe expands 
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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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,107 12 cm
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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. 

 

 

 59 59 

k 5010



60 

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 
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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: 

70 
70 



Amerigo Vespuci - 1499 

E.N.Saridakis – Dundee, May 2025 



Cosmic Inflation 

E.N.Saridakis – Dundee, May 2025 



Summary of Observations 

The Universe history: 

73 
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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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Describing Expanding Universe 

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

 

 

 
 

            : scale factor, 

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

























































                     Summary: 
         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 

 

 

       
 

ΛCDM concordance model is almost perfect! 

E.N.Saridakis – Sheffield, Feb. 2025 
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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) 

 

 

E.N.Saridakis – Sheffield, Feb. 2025 
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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. 

 

 

 

E.N.Saridakis – Sheffield, Feb. 2025 
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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. 
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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? 





Standard Model vs General Relativity Lagrangians 



COSMOLOGICAL CONSTANT  

PROBLEM 



  

Astrophysics and Cosmology 
       in the 21st century 

E.N.Saridakis – Dundee, May 2025 



  

   H0 tension 
 The Universe expands faster than expected! 

 

 

 

E.N.Saridakis – Dundee, May 2025 
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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.  

 

 

 

 

 



 S8 Tension  
 “Less” Matter clustering than expected!  

 

 

E.N.Saridakis – Dundee, May 2025 
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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 

 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]  



Too many galaxies too early! 

    James Webb space telescope 



   Cosmic dipole tension! 



The lensing anomaly 







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. 

131 





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  

134 

Dark Energy-Inflation 
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General Relativity 

 Einstein 1915: General Relativity:  

 

 
 

   energy-momentum source of spacetime Curvature 
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Standard Model vs General Relativity Lagrangians 



   Lovelock’s Theorem 



   Lovelock’s Theorem 



   Lovelock’s Theorem 
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          General Relativity 
Assumptions and Considerations 
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 Diffeomorphism invariance 
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          General Relativity 
Assumptions and Considerations 
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 Diffeomorphism invariance 

 Spacetime dimensionality=4 
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          General Relativity 
Assumptions and Considerations 
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 ,2
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1 44 gLxdRgxd
G

S m 

 Diffeomorphism invariance 

 Spacetime dimensionality=4 

 Geometry=Curvature   (connection=Levi Civita) 

 Linear in Ricci scalar 

 

 



143 

          General Relativity 
Assumptions and Considerations 

 

 

 

 

 
                       

 

   


 ,2
16

1 44 gLxdRgxd
G

S m 

 Diffeomorphism invariance 

 Spacetime dimensionality=4 

 Geometry=Curvature   (connection=Levi Civita) 

 Linear in Ricci scalar 

 Metric compatibility  (zero non-metricity) 

 

 



144 

          General Relativity 
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          General Relativity 
Assumptions and Considerations 
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Scalar-Tensor Theories 

 Add a scalar field: 

     

 
 

     Conformal Transf. to Jordan frame: 
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Scalar-Tensor Theories 

 Add a scalar field: 

     

 
 

     Conformal Transf. to Jordan frame: 

 

 Redefinition of     : 
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Scalar-Tensor Theories 

 Field equations: 
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 For Brans-Dicke: 
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 Brans-Dicke Cosmology 

 Friedmann-Robertson-Walker metric: 
 

 Friedmann equations: 

 

 

 

 

 Scalar-field equation: 

 

 

 

 Matter equation: 
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 Dark Energy in Brans-Dicke Cosmology 

 Effective Dark Energy sector: 
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Scalar-Tensor Theories 

 Most general 4D scalar-tensor theories having second-order field equations:      
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Horndeski Theories 

 Most general 4D scalar-tensor theories having second-order field equations:      
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 Coincides with Generalized Galileon theories 
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Horndeski Cosmology (background) 

 Field Equations: 

 In flat FRW:  
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Horndeski Cosmology (perturbations) 

 Scalar perturbations: 
 

 No-ghost condition:  

 

 No Laplacian instabilities condition: 
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Beyond Horndeski Theories 

 Beyond Horndeski, free from Ostrogradski instabilities but still propagating 2+1 dof’s:      
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Inflation: scalar field 
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Inflation: scalar field 

 

 

 

 

 

 Slow-roll conditions: 

 

 

 

 

 

 

 

 

 





Simple Inflation models: problem 
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 In flat FRW: 
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Inflation in Nonminimal Derivative Coupling 
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Inflation with Nonminimal Derivative Coupling 

 New Higgs Inflation: 
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Dark-Energy in Nonminimal Derivative Coupling 

   
 

 

 In flat FRW: 
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Inflation in Horndeski Theories 

   

 

 

 

 

 

 

 

 

 

 

 

 

 G-Inflation (Shift-symmetric):  
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Dark Energy in Horndeski Theories 
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Dark Energy in Horndeski Theories 

    

 

 

 Background evolution: Universe thermal history 

 

 

 

 

 
 Perturbations:                    

      with 
                        

 Clustering growth rate: 
 

       γ(z): Growth index.     

 

  

554332 ,1,),(,),( cGGcXGXcXK  

),,,,( 543 GGGKGG effeff 

mmeffmm GH  42  

)(
ln

ln
a

ad

d
m

m 




R^2    gravity 
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R^2    gravity 



f(R) gravity 



f(R) gravity 



f(R) gravity 



f(R) gravity 



f(R) gravity 



f(R) gravity – Palatini approach 



f(R) gravity – Palatini approach 



f(R) gravity – Palatini approach 



f(R) gravity – Palatini approach 



f(R) gravity – Palatini approach 



Various Theories 



Conformal Transformation 



Conformal Transformation 



Conformal Transformation 



Conformal Transformation 



Conformal Transformation of Brans Dicke theory 



Conformal Transformation of non-minimal coupled 
theory 



Conformal Transformation of non-minimal coupled 
theory 



Conformal Transformation of f(R) gravity 



Conformal Transformation of f(R) gravity 



Conformal Transformation of f(R) gravity 



Conformal Transformation of f(R) gravity 
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f(R) gravity 

   

 

 

 

 

 

 

 Field Equations (metric formalism): 

 

 Conformal transformation: 
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Are the Jordan and Einstein frames equivalent? 

 Are the Jordan and Einstein frames equivalent? 

 
 



Are the Jordan and Einstein frames equivalent? 

 Are the Jordan and Einstein frames equivalent? 

 

 Answers after >1000 papers of the literature: 

 

 Yes 

 No 

 Yes at the classical level, no at the quantum level 

 Yes only if matter is absent, no otherwise 

 Yes only if singularities are absent, no otherwise 
 

 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom 



Hamiltonian Analysis – Degrees of Freedom – GR case 



Hamiltonian Analysis – Degrees of Freedom – GR case 



Hamiltonian Analysis – Degrees of Freedom – f(R) case 



Hamiltonian Analysis – Degrees of Freedom – f(R) case 



Hamiltonian Analysis – Degrees of Freedom 

 In summary: 

 

 General Relativity has 2 propagating d.o.f, 
corresponding to a massless spin-2 field (graviton) 

 

 f(R) gravity has 2+1 propagating d.o.f. 

 

 This extra degree of freedom brings new and 
interesting phenomenology in cosmology, black 
holes, etc 

 

 



R^2 cosmology – Inflation – Jordan Frame 



R^2 cosmology – Inflation – Jordan Frame 



R^2 cosmology – Inflation – Jordan Frame 



R^2 cosmology – Inflation – Jordan Frame 



R^2 cosmology – Inflation – Jordan Frame 



R^2 cosmology – Inflation – Einstein Frame 



R^2 cosmology – Inflation – Einstein Frame 



R^2 cosmology – Inflation – Einstein Frame 



R^2 cosmology – Inflation – Einstein Frame 



R^2 cosmology – Inflation – Einstein Frame 



 

 

  Firedmann Equations (metric formalism): 

 

 

 

 Inflation: e.g. Starobinsky inflation 
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R^2 cosmology – Inflation – Einstein Frame 
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f(R) gravity - perturbations 



f(R) gravity - perturbations 



f(R) gravity - perturbations 
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f(R) cosmology – Dark energy  
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f(R) cosmology – Dark energy  
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f(R) cosmology – Dark energy  

   [Nunes, Pan, Saridakis, Abreu JCAP 1701]  
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f(G) Theories 

 Gauss-Bonnet Invariant: 
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 Cubic and f(P) Theories 

 Cubic combination  

 

 

 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



 Cubic and f(P) Theories 
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Bi-scalar Theories 

 Modified gravity propagating 2+2 dof’s 

 

 For 
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Bi-scalar Theories 

 Modified gravity propagating 2+2 dof’s 

 

 For 

 

 
 

 

 

 

 eg.:      
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Introduction 

 Massive Gravity, i.e adding mass to a spin-2 particle, 
goes back to 1939 

 Motivation: i) Theoretical (we know the answer for scalars and vectors) 

                   ii) Cosmological (explain acceleration) 

 Indeed it is the most reasonable modified gravity  

    (not the simplest one, since you add 3 dof’s) 

 It is promising, but… 

   [Hinterbichler,  Rev.Mod.Phys.84]  
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Introduction 

 1939: Fierz and Pauli add a linear mass-term to GR 

 1970: van Dam, Veltman, Zakharov: When the linear theory 

couples to a source, the limit              does not give GR  

                                                          (vDVZ discontinuity)  
 

 1972: Vainstein: The non-linearities become stronger and 

stronger as m decreases. They must be taken into account and 
they do cure vDVZ discontinuity 

 1972: Boulware, Deser: Nonlinearities bring a ghost! 
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Introduction 

 1939: Fierz and Pauli add a linear mass-term to GR 

 1970: van Dam, Veltman, Zakharov: When the linear theory 

couples to a source, the limit              does not give GR  

                                                          (vDVZ discontinuity)  
 

 1972: Vainstein: The non-linearities become stronger and 

stronger as m decreases. They must be taken into account and 
they do cure vDVZ discontinuity 

 1972: Boulware, Deser: Nonlinearities bring a ghost! 
 

 2010: de Rham, Gabadadze, Tolley: Adding higher-order 
graviton self-interaction systematically removes the BD ghost 

 2011 and on: The cosmology has severe problems.  
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 Fierz-Pauli linear theory 
T 

 Th

hhhhhh  







   22 hhm    T

0 
T0m

0m

 Put source        with coupling               . Eoms’: 

 
 

 Note: For                                  (conservation)   

       For            no such condition (but we assume it, otherwise obvious discontinuity) 

 

 



 

  Put source        with coupling                . Eoms’: 

 
 

 Note: For                                  (conservation) 

     For           no such condition (but we assume it otherwise, obvious discontinuity) 
 

 GR is NOT recovered in the massless limit (vDVZ discontinuity) 

 

 
 

 

 

 

 

 The scalar (longitudinal graviton) maintains a coupling to T even in the massless limit 

 I.e, the massless limit does not describe a massless graviton, but a massless graviton 
plus a coupled scalar 

 The gauge symmetry of GR, that kills the extra dof appears ONLY for                      
and NOT for   
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 Fierz-Pauli linear theory 

Massless gravity: 2 spin states 

2 helicity states of a massless graviton 

Massive gravity: 5 spin states 

2 helicity states of a massless graviton 

2 helicity states of a massless vector 

1 single massive scalar 

no 6th dof since the time components    appear as Lagr. multiplier 

0m
0m

[van Dam, Veltman 1970], [Zakharov 1970] 
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Nonlinear theory and the BD ghost 
 Nonlinearities become stronger as             ,  need to be taken into account. 
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Nonlinear theory and the BD ghost 
 Nonlinearities become stronger as             ,  need to be taken into account. 

 

 

 

 

 

 The nonlinearities re-bring the 6th dof (no Lagrange multiplier anymore) 

 The Hamiltonian constraint analysis shows that it is a ghost!  

 

 But this ghost cures the vDVZ discontinuity! (it provides a repulsive force that 

counteracts the attractive force of the longitudinal scalar mode) 
 

 But it could still make sense, if quantum effects push the ghost above a cutoff Λ, 

and see the whole story as an effective theory   
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[Vainstein 1972] 

[Boulware,Deser 1972] 

[Arkani-Hamed, Georgi, Schwartz  2002] 



 The 6th dof (ghost) survives since the lapse function N is not a Lagrange multiplier in 
the nonlinear case, as it was in the linear one. 

 Idea: Specially design nonlinear terms, so that N  becomes again a Lagrange multiplier 
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 dRGT nonlinear massive gravity 



 Finally: 

 

 
 

     where 

 

 

 

 

 

 

 

 Free of BD ghost! Free of vDVZ discontinuity! 
 Vainstein mechanism: extra dof’s are suppressed at small scales due to non-linearities 
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 dRGT nonlinear massive gravity 
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Cosmological applications 
 Simplest Example: Physical metric: flat FRW: 

                                Fiducial metric: Minkowski:   

                                Stückelberg scalars:   

     Variation wrt     :                                  NO nontrivial solution (same for closed) 

 

 

 

 

 

  

 

[dRGT et al, PRD 84] 
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Cosmological applications 
 Simplest Example: Physical metric: flat FRW: 

                                Fiducial metric: Minkowski:   

                                Stückelberg scalars:   

     Variation wrt     :                                  NO nontrivial solution (same for closed) 

 

 Next:        Physical metric open FRW: 

                    Fiducial metric: Minkowski:   

                    Stückelberg scalars:   

 

  Variation wrt      gives a constraint for b(t): 
 

 Friedmann equations:  

 

 

  

 

 

 

 

  

 

[dRGT et al, PRD 84] 
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Perturbations 
 

 Unfortunately, there is ALWAYS a ghost instability (it’s frequency tends to 
vanish at low scales so it always remain in the low-energy effective theory) 

 

 This instability is related to the FRW structure of the physical metric, and in 
particular from the high symmetries (isotropy). 

 
 

 

 

 

                                  

      

 

 

 

 

 

  

 

 

 

 

  

 

[Gumrukcuoglu, Lin, Mukohyama, JCAP1203] 
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Perturbations 
 

 Unfortunately, there is ALWAYS a ghost instability (it’s frequency tends to 
vanish at low scales so it always remain in the low-energy effective theory) 

 

 This instability is related to the FRW structure of the physical metric, and in 
particular from the high symmetries (isotropy). 

 
 

 In order to construct a healthy model we must insert anisotropies: 

     Physical metric: axisymmetric Bianchi I: 

      Fiducial metric: FRW: as before 

      Stückelberg scalars:   as before 

  

 

 The only healthy model. Disadvantage: There is NO isotropic limit! 
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Extension 1: Varying mass massive gravity 

 Need to find extensions of nonlinear massive gravity where FRW solutions are stable. 
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Extension 1: Varying mass massive gravity 

 Need to find extensions of nonlinear massive gravity where FRW solutions are stable. 

 

 

 

 Physical metric: flat FRW: 

      Fiducial metric: Minkowski:   

      Stückelberg scalars:   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

[Huang, Piao, Zhou PRD86]   







 )(

2

1
)(

2
44332

42  
 WLLLV

R
gxdMS pMG

i

ref

i xatb   ),(0

MGmpHM   223

ji

ij dxdxtadtds )(222 

ababf 

MGMGmmp ppHM  22

 )()(1)()(
2

1
13

2 afaf
a

a
VW

ref

MG 







  

 )()()()(
2

1
14

2 afbafVWpMG
  

[Saridakis  CQG 30] 

MG

MG
DE

p
w




)()( 1

2 af
a

a
bVp

ref

MGMG 







  



 

 

 
 

     where 

 

 

 

 

 

 

 
 

 

 

 
          

 

  

 

ba

ab

M
geK p  




  )(

/

251 

Extension 2: Quasi-dilaton massive gravity 
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quasi-dilaton 
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Extension 2: Quasi-dilaton massive gravity 

 Physical metric: flat FRW: 

      Fiducial metric: Minkowski:   

      Stückelberg scalars:   
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Observational constraints on quasi-dilaton massive gravity 

 Use observational data (SNIa, BAO, CMB) to constrain the parameters of 
the theory.  We fit 

     

43  ,,,m,Ω,Ω gDE0M0

[Gannouji, Hossain, Sami, Saridakis  PRD 87] 
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Extension 3: F(R) nonlinear massive gravity 
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UV modification IR modification 

[Cai, Saridakis PRD 90b] 
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Extension 3: F(R) nonlinear massive gravity 
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 Hamiltonian constraint analysis: the BD ghost is removed similar to usual 
nonlinear massive gravity 

 

 Much more general than other massive gravity extensions. 
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Cosmology of F(R) nonlinear massive gravity 

 Physical metric: open FRW: 

      Fiducial metric: Minkowski:   

      Stückelberg scalars:   

 

 Variation wrt  b  provides the constraint equation with solution: 

 

 

 

 

 

 

 

 Both IR and UV gravity modifications play a role in universe evolution. 

 Huge capabilities. 
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Cosmology of F(R) nonlinear massive gravity 

 1) 

 

 

 

 

 

 

 

 

 

 Early times: F(R) sector drives inflation 

 Late times:  MG sector drives late-time acceleration 
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Cosmology of F(R) nonlinear massive gravity 

 2) 

 

 

 

 

 

 

 

 

 
 Both F(R) sector and MG sector constitute Dark Energy 

           can lie in the phantom regime. 
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 3) 

 

 

 

 

 

 

 

 

 
 Both F(R) sector and MG sector constitute Dark Energy 

           can lie in the phantom regime. 
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Cosmology of F(R) nonlinear massive gravity 
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 Integrate out non-dynamical dof’s 

 Since      is non-dynamical at the linear level on the self-accelerating                          
solution, we introduce the Bardeen potential        and Mukkanov-Sasaki variable 

 

 

 

 

 

                                Stability! 
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Cosmological Perturbations 
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Status of massive gravity 
 i) Massive gravity is a reasonable modification to describe acceleration. 

 

 ii) The simplest linear model has the vDVZ discontinuity. 
 

 iii) Non-linearities cure it but bring the BD ghost.  
 

 iv) New nonlinear MG uses suitable graviton self-interactions in order to 
be free of BD ghosts and vDVZ discontinuity. 
 

 v) But simple FRW cosmology is impossible (cosmological instabilities). 
 

 vi) One should go to anisotropic geometry. 
 

 vii) Or other extensions: Varying mass massive gravity, quasi-dilaton 
massive gravity. 
 

 viii) F(R) nonlinear massive gravity is the most promising. It is free of 
BD ghost and vDVZ discontinuity. It exhibits good and rich cosmology, 
free of instabilities! 

 

Re-parametrization of our ignorance? (instead to explain why Λ is small, we 
have to explain why      is small). 

 

 

 
   

 

gm



An interesting possibility: 

Horava-Lifshitz gravity 
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An interesting possibility: Horava-Lifshitz gravity 

• Horava-Lifshitz gravity: power-counting renormalizable, 

UV complete 

• IR fixed point: General Relativity 

• Good UV behavior: Anisotropic, Lifshitz scaling between 

time and space 
 

 

 

• Theoretical and conceptual problems (instabilities etc)?  

• Open subject. 

[Horava, PRD 79] 
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Horava-Lifshitz gravity 
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• Cosmological framework: 

                                                                   (projectability)     

            

 

     

 
 

  

 

 

 

 

 

 Friedmann Equations (under detailed balance): 

 

 

 

 

 Effective dark energy: 
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QUANTUM 

GRAVITY? 





























Can General Relativity be quantized? 



COSMOLOGICAL CONSTANT  

PROBLEM 







































TORSIONAL 
GRAVITY 



“Those that do not know geometry are not allowed to enter”.  
                 Front Door of Plato’s Academy 
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Descriptions of Gravity 

 Einstein 1916: General Relativity:  

   energy-momentum source of spacetime Curvature 

   Levi-Civita connection: Zero Torsion 

 

 Einstein 1928: Teleparallel Equivalent of GR: 

    Weitzenbock connection: Zero Curvature 

 

   [Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]  

E.N.Saridakis – Heildeberg, Nov. 2020 





 Metric-Affine Modified Gravity 

E.N.Saridakis – Heildeberg, Nov. 2020 



Curvature and Torsion 





307 

Curvature and Torsion 
 Vierbeins    : four linearly independent fields in the tangent space 

 

 Connection:  
 

 Curvature tensor: 
 

 Torsion tensor: 
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Curvature and Torsion 
 Vierbeins    : four linearly independent fields in the tangent space 

 

 Connection:  
 

 Curvature tensor: 
 

 Torsion tensor: 
 

 Levi-Civita connection and Contortion tensor: 

     

 

 Curvature and Torsion Scalars: 
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Additional motivation 

 Gauge Principle: global symmetries replaced by 
local ones: 

   The group generators give rise to the compensating 
fields 

   It works perfect for the standard model of strong, 
weak and E/M interactions 

 
 

 Can we apply this to gravity? 

    )1(23 USUSU 
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Additional motivation 

 Formulating the gauge theory of gravity  

    (mainly after 1960): 

 Start from Special Relativity       

      Apply (Weyl-Yang-Mills) gauge principle to its Poincaré-    

      group symmetries 

      Get Poinaré gauge theory: 

      Both curvature and torsion appear as field strengths 
 

 Torsion is the field strength of the translational group 

  (Teleparallel and Einstein-Cartan theories are subcases of Poincaré theory) 




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Additional motivation 

 One could extend the gravity gauge group (SUSY, 
conformal, scale, metric affine transformations) 

   obtaining SUGRA, conformal, Weyl, metric affine     

   gauge theories of gravity 

 

 In all of them torsion is always related to the gauge 
structure. 

 Thus, a possible way towards gravity quantization 
would need to bring torsion into gravity description. 
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Additional motivation 

 1998: Universe acceleration   

        Thousands of work in Modified Gravity 

  (f(R), Gauss-Bonnet, Lovelock, nonminimal scalar coupling,    

          nonminimal derivative coupling, Galileons, Hordenski, massive etc) 

 

 Almost all in the curvature-based formulation of gravity 

 

 

  

 


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Additional motivation 

 1998: Universe acceleration   

        Thousands of work in Modified Gravity 

  (f(R), Gauss-Bonnet, Lovelock, nonminimal scalar coupling,    

          nonminimal derivative coupling, Galileons, Hordenski, massive etc) 

 

 Almost all in the curvature-based formulation of gravity 
 

 So question: Can we modify gravity starting from its 
torsion-based formulation? 

    torsion              gauge                  quantization 

    modification       full theory            quantization 

 

 

  

 



 ?
 ?
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 Teleparallel Equivalent of General Relativity (TEGR) 

 Let’s start from the simplest tosion-based gravity formulation, 
namely TEGR: 

 Vierbeins     : four linearly independent fields in the tangent space 

 

 Use curvature-less Weitzenböck connection instead of torsion-less 
Levi-Civita one: 

 Torsion tensor: 
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 Teleparallel Equivalent of General Relativity (TEGR) 

 Let’s start from the simplest tosion-based gravity formulation, 
namely TEGR: 

 Vierbeins     : four linearly independent fields in the tangent space 

 

 Use curvature-less Weitzenböck connection instead of torsion-less 
Levi-Civita one: 

 Torsion tensor: 

 
          

 Lagrangian (imposing coordinate, Lorentz, parity invariance, and up to 2nd order 

in torsion tensor) 
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 f(T) Gravity and f(T) Cosmology 

 f(T) Gravity: Simplest torsion-based modified gravity 

 Generalize T to f(T)   (inspired by f(R)) 

 
 

 Equations of motion: 
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 f(T) Gravity and f(T) Cosmology 

 f(T) Gravity: Simplest torsion-based modified gravity 

 Generalize T to f(T)   (inspired by f(R)) 

 
 

 Equations of motion: 

 
 

 f(T) Cosmology: Apply in FRW geometry: 
 

                                                                                                 (not unique choice) 
 

 Friedmann equations: 
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 f(T) Cosmology: Background 

 Effective Dark Energy sector: 
 

 
 

 

 

 

 

 

 

 Interesting cosmological behavior: Late-time acceleration, Inflation 
etc 
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   [Cai, Capozziello, De Laurentis, Saridakis, Rept.Prog.Phys. 79]  
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 f(T) Cosmology: Background 

 Re-write Firedmann Equation as: 

 
 
 

with                                   and 

 

 

 

                                                        quantifies the deviation from ΛCDM  

                                                            (for f=const. we obtain ΛCDM)                                        
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 f(T) Cosmology: Perturbations 

 For scalar perturbations: 

 
 

 

 

 Obtain Perturbation Equations. 
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 Viable f(T) models 

 1) Power-law model (f1CDM) 

 

 

 

 2) The Linder model (f2CDM) 

 

 

 
 

 3) The exponential model (f3CDM) 

 

 

 

 

 

 

 

 

 

 

  

 

[Nesseris, Basilakos, Saridakis, Perivolaropoulos, PRD 88] 



 Viable f(T) models 

 Power-law (f1CDM): 

 

 

 

 

 

 

 

 

 

 

 

 

 
[Nunes, Pan, Saridakis, JCAP 1608] [Basilakos, Nesseris, Anagnostopoulos, Saridakis, 1803.09278] 

SNIa, BAO,  CC 
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 Non-minimally coupled scalar-torsion theory 

 In curvature-based gravity, apart from             one can use  

 Let’s do the same in torsion-based gravity:    
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 Non-minimally coupled scalar-torsion theory 

 In curvature-based gravity, apart from             one can use  

 Let’s do the same in torsion-based gravity:    

 

 

 Friedmann equations in FRW universe: 

 

 

    with effective Dark Energy sector: 

 

 

 Different than non-minimal quintessence! 

      (no conformal transformation in the present case) 
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 Non-minimally coupled scalar-torsion theory 

 Main advantage: Dark Energy may lie in the phantom regime or/and 
experience the phantom-divide crossing 

 Teleparallel Dark Energy: 
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 Non-minimally matter-torsion coupled theory 

 In curvature-based gravity, one can use            coupling  

 Let’s do the same in torsion-based gravity:    
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 Non-minimally matter-torsion coupled theory 

 In curvature-based gravity, one can use            coupling  

 Let’s do the same in torsion-based gravity:    

 

 

 Friedmann equations in FRW universe: 

 

 

    with effective Dark Energy sector: 

 

 

 Different than non-minimal matter-curvature coupled theory 
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 Non-minimally matter-torsion coupled theory 

 Interesting phenomenology  
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Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity 
 

 In curvature-based gravity, one can use higher-order invariants like 
the Gauss-Bonnet one 

 

 Let’s do the same in torsion-based gravity:    

 Similar to                         we construct                          with  
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Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity 
 

 In curvature-based gravity, one can use higher-order invariants like 
the Gauss-Bonnet one 

 

 Let’s do the same in torsion-based gravity:    

 Similar to                         we construct                          with  

 

      

            gravity: 

 

 

 Different from            and          gravities 
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Teleparallel Equivalent of Gauss-Bonnet and f(T,T_G) gravity 
 

 Cosmological application: 
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 Torsional Gravity with higher derivatives 
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 Torsional Modified Gravity 

[Bahamobde, Bohmer, EPJC 76] 
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 Scalar-torsion theories – Teleparallel Horndeski 
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 Perturbations:                         , clustering growth rate: 
 

  γ(z): Growth index.     
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Growth-index constraints on f(T) gravity 
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Growth-index constraints on f(T) gravity 
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 Perturbations:                         , clustering growth rate: 
 

  γ(z): Growth index.     

 
 

 

 

 
        

 

  

                                        

 Viable f(T) models are practically indistinguishable from ΛCDM. 
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 Viable f(T) models 

 

 

 

 

 

 

 

 

 

 
 In f(T) gravity we can indeed obtain                <1  for z<2, without 

affecting the background evolution. 

 fσ8 tension may be alleviated. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

[Nesseris, Basilakos, Saridakis, Perivolaropoulos, PRD 88] 

f1CDM 

 

 

 

 

 

 

 

 

 

  

 

f2CDM 

 

 

 

 

 

 

 

 

 

  

 

f3CDM 

 

 

 

 

 

 

 

 

 

  

 



 H0 and σ8 tension can be alleviated 

 

 

 

 

 

 

 

 

 

 

 



 Baryon-anti-baryon asymmetry through CP violating term:              

 

 

 

 

 

 
  BBN constraints:     
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Baryogenesis and BBN constraints on f(T) gravity 
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Solar System constraints on f(T) gravity 

 Apply the black hole solutions in Solar System: 

 Assume corrections to TEGR of the form  
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Solar System constraints on f(T) gravity 

 Apply the black hole solutions in Solar System: 

 Assume corrections to TEGR of the form  

 

 

 

 Use data from Solar System orbital motions: 

 
      T<<1 so consistent 

 f(T) divergence from TEGR is very small 

 This was already known from cosmological observation constraints up to  

                                        

 With Solar System constraints, much more stringent bound. 
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f(Q) gravity 
 



f(Q) gravity 



f(Q) gravity 



f(Q) cosmology 

 Background: 
    



 Perturbations: 
    

f(Q) cosmology 



 Perturbations: 
    

f(Q) cosmology 



f(Q) cosmology 



 

 

    

Testing GR and Modified Gravity 
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 Solar-System data 

 Galaxy data 

 Galaxy-cluster data 

 Cosmological data (SNIa, BAO,CMB,CC, LSS) 

 Early Universe (Inflation, Baryogenesis, BBN) 

 Black-Hole-shadow data 

 Gravitational-wave data (multi-messenger astronomy) 
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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) 
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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. 

 

 

 



 

 

    

Black-hole shadow – EHT datasets 
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 In the center of M87, mass  7.000.000.000 Solar masses 

 

 

 

 

 

 

 

 

 

 

 Black-hole solutions -> effective potential -> photon sphere -> Black-hole shadow 
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Gravitational waves 

 The GWs are the tensor perturbations of the metric. Predicted in 1915, first 
observed in 2015. First astronomical observation ever, not related to E/M (or neutrinos). 
 

 GWs from mergers:    

 

 

 

 

 

 

  Primordial GWs: 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  

   [Abbott et al, LIGO Virgo PRL 116]  
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Gravitational waves 

 GW150914: Two black holes with                                   
 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  

   [Abbott et al, LIGO Virgo PRL 116]  

2017 Nobel Price in Physics 
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Gravitational waves 

 GW170817: Two neutron stars, distance 40 Mpc, redshift 0.0099 

 GRB170817A: The Electromagnetic counterpart. 

 

 

 

 

 

 

 

 

 

 

 

 The era of multi-messenger astronomy begins! 
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Gravitational waves 

 In case of GWs from black hole mergers we know their properties at the 
moment of detection, and their direction (in case of three detectors). 
Assuming GR and ΛCDM we can extract their speed, distance, and properties 
at the moment of emission. 
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Gravitational waves 

 In case of GWs from black hole mergers we know their properties at the 
moment of detection, and their direction (in case of three detectors). 
Assuming GR and ΛCDM we can extract their speed, distance, and properties 
at the moment of emission. 

 

 

 In case of GWs from neutron star mergers, and their E/M counterpart, we 
know their properties at the moment of detection and their direction, but 
using the implied physics from the E/M information we can extract their 
speed, distance and properties at the moment of emission, independently of 
the underlying gravitational theory and cosmological scenario. 

 

 

 Great tool for testing General Relativity and cosmological scenarios! 
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Gravitational waves 

 An immediate result: The speed of GWs is equal to the speed of light!  

     GW170817 time delay                         constrains: 
 

 Excludes a large number of theories that were consistent with other data! 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  

   [Ezquiaga, Zumalacarregui  PRL 119]  
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Gravitational waves 

 For tensor perturbations:  
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Gravitational waves 

 Polarizations:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  



 Gw’s propagation at cosmological scales: 

 

                                    (affects amplitude)                                               (affects phase) 

 

 In f(T) gravity: 
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Gravitational waves in modified gravity 
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Gravitational Waves in 
Modified Teleparallel Theories 

 

   
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[Farrugia, Said, Gakis, Saridakis, PRD 97] 
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The Effective Field Theory (EFT) approach 

 The EFT approach allows to ignore the details of the underlying theory and write 
an action for the perturbations around a time-dependent background solution. 

 One can systematically analyze the perturbations separately from the background 
evolution. 
 

 

 

 

[Arkani-Hamed, Cheng JHEP0405 (2004)] 
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The Effective Field Theory (EFT) approach 

 The EFT approach allows to ignore the details of the underlying theory and write 
an action for the perturbations around a time-dependent background solution. 

 One can systematically analyze the perturbations separately from the background 
evolution. 
 

                                                                                                                                  <-  background 
                                                                                                                                     

                                                                                                                                   <-  linear evolution of perturbations 
 

                                                                                                                                   <-  linear evolution of perturbations 
 

                                                                                                                                   <-  linear evolution of perturbations 

  

                                                                                                                              <-  2nd-order evolution of perturbations 

 

The functions Ψ(t), Λ(t),  b(t), are determined by the background solution  

 

 

 

[Arkani-Hamed, Cheng JHEP0405 (2004)] 

[Gubitosi, Piazza, Vernizzi, JCAP1302] 
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The (EFT) approach to torsional gravity 

 Application of the EFT approach to torsional gravity leads to include terms: 

 i) Invariant under 4D diffeomorphisms: e.g. R,T multiplied by functions of time. 

 ii) Invariant under spatial diffeomorphisms: e.g. 

 ii) Invariant under spatial diffeomorphisms: e.g.                ,            ,         ,   

          the extrinsic torsion is defined as 

 
 

         with       the orthogonal to t=cont. surfaces unitary vector       =      

              

 

 

 

 

 

 

 

 

 

[Cai, Li, Saridakis, Xue, PRD 97],  [Li, Cai, Cai, Saridakis, JCAP18] 
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The (EFT) approach to torsional gravity 

 Application of the EFT approach to torsional gravity leads to include terms: 

 i) Invariant under 4D diffeomorphisms: e.g. R,T multiplied by functions of time. 

 ii) Invariant under spatial diffeomorphisms: e.g. 

 ii) Invariant under spatial diffeomorphisms: e.g.                ,            ,         ,   

          the extrinsic torsion is defined as 

 
 

         with       the orthogonal to t=cont. surfaces unitary vector       =      

 

 Using the projection operator      we can express  
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The (EFT) approach to torsional gravity 

 We perturb the previous tensors, and we finally obtain: 

 

 

 

 

 

 

 

 
          

           where the time-dependent functions are determined by the background solution. 

[Cai, Li, Saridakis, Xue, PRD 97],  [Li, Cai, Cai, Saridakis, JCAP18] 
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The (EFT) approach to torsional gravity 

 Finally, the EFT action of torsional gravity becomes: 

 

 

 

 

 The perturbation part contains: 

      i) Terms present in curvature EFT action 

      ii) Pure torsion terms such as        , 

      iii) Terms that mix curvature and torsion, such as                       ,   
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The (EFT) approach to f(T) gravity: Background  

 For the case of f(T) gravity, at the background level, we have: 

 

 

 

 

      where by comparison: 

 

 

 

 Performing variation we obtain the background equations of motion (Friedmann Eqs): 

 

 

 

[Li, Cai, Cai, Saridakis, JCAP18] 



 For tensor perturbations:                                          i.e. 

 

 

 

 We obtain:  

 

 

 

 

 

 And finally: 
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The (EFT) approach to f(T) gravity: Tensor Perturbations 

[Cai, Li, Saridakis, Xue, PRD 97] 



 For scalar perturbations: 

 

                                                        i.e                 

 

 

 So  

 

 

 

 Thus: 
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The (EFT) approach to f(T) gravity: Scalar Perturbations 

[ Li, Cai, Cai, Saridakis, JCAP18] 
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Gravitational waves and Modified Gravity 
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Gravitational waves - Observations 
 Observations: 80up to now (69 BH-BH, 4 NS-NS, 3 NS-BH, 4 uncertain, 19-85 Msun, 320-2800 MPc) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Expectations: Many thousands in the next years  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

  

  



LISA 
 LISA will be comprised by a constellation of three spacecrafts on heliocentric 

orbit. Each spacecraft will enclose two test masses kept in free-fall 
conditions. The differential distance between the test masses of far-away 
spacecrafts  (across 2.5 × 10^6 km) will be monitored by means of laser 
interferometry. 



Sensitivity 



Taiji Program in Space 
  The Taiji Program in Space, is a proposed Chinese satellite-based 

gravitational-wave observatory. It is scheduled for launch in 2033 to study 
gravitational waves. The program consists of a triangle of three spacecraft 
spacecrafts  (across 3 × 10^6 km) orbiting the sun linked by laser 
interferometers.  
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         5000 years of observations 
 500 years of organized observations 
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Multi-messenger Astronomy Era! 

 

 

 

 

 

 

 

 

 

 

EM observations: 400 years                             GW observations: 6 years               
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 “There are  the ones  that invent occult 
fluids to understand  the Laws of Nature. 
They come to  conclusions, but they now 
run out into dreams and chimeras 
neglecting the true constitutions of the 
things...                                    
However  there are  those that  from  the    
simplest observation of Nature, they 
reproduce New Forces”… 

 

From the Preface of PRINCIPIA (II edition) 1687 
by Isaac Newton, written by Mr. Roger Cotes. 
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