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Structure of talk 

1.  Scales of tests of General Relativity: 
 Common Parametrizations measuring deviations. 

2.  Cosmological Scales 
 Growth of Density Perturbations 
 Tension of Growth Data with Planck/ΛCDM 
 Easing the Tension with Evolution of Newton Constant Geff(z) 
 Reconstruction of Scalar-Tensor Theory. 

3.  Sub-mm new forces  
 Oscillating Parametrizations of G(r): Improved fit to Data 
 Theoretical Models: f(R) theories, Infinite Derivative Gravity 



Scales of GR Tests I:  
Sub-mm Scales: Space Translation Invariance 

Yukawa Parametrization: 

Constraints from 

Theoretical Motivation: 

What if 1/6m2 <0? 



Scales of GR Tests II:  
Solar System Scales 

PPN Parameters: 

Spherically Symmetric Vacuum: 

Small φ expansion: 

Small φ expansion deviating from GR: 

Current Constraints: 

Alternative Parametrization: 

But:  Pioneer Anomaly…. 



Scales of GR Tests III:  
Galactic Scales – Dark Matter 

Dark Matter and/or MOND/TEVES ? 

𝑮𝑮𝝁𝝁𝝁𝝁 ≠ 𝑻𝑻𝝁𝝁𝝁𝝁𝑳𝑳𝑳𝑳 

𝑮𝑮𝝁𝝁𝝁𝝁 = 𝑻𝑻𝝁𝝁𝝁𝝁𝑳𝑳𝑳𝑳+ 𝑻𝑻𝝁𝝁𝝁𝝁𝑫𝑫𝑳𝑳 

GR is ruled out with only Luminous Matter (LM) 

Dark Matter Restores Validity of GR 

Alternatively GR could be modified (TEVES) 

𝑮𝑮𝝁𝝁𝝁𝝁 + 𝑮𝑮𝝁𝝁𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 = 𝑻𝑻𝝁𝝁𝝁𝝁𝑳𝑳𝑳𝑳+ 𝑻𝑻𝝁𝝁𝝁𝝁𝑫𝑫𝑳𝑳 𝑮𝑮𝝁𝝁𝝁𝝁 + 𝑮𝑮𝝁𝝁𝝁𝝁𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 = 𝑻𝑻𝝁𝝁𝝁𝝁𝑳𝑳𝑳𝑳 or 



Scales of GR Tests IV:  
Cosmological Scales-Λ, Dark Energy or  

Modified Gravity 
Newtonian Gauge Cosmological Perturbations: 

Modified Poisson equations: 

Geff (matter density perturbations), GL (lensing of light) 
parametrize deviations from GR  (Geff=GL=GN in GR) 

Alternative parametrization: Gravitational slip  

Present cosmological data can mainly test time translation invariance of G. 

𝛻𝛻2𝜙𝜙 = 4𝜋𝜋𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎2𝜌𝜌𝛿𝛿𝑚𝑚 
𝛻𝛻2(𝜙𝜙 +𝜓𝜓) = 8𝜋𝜋𝐺𝐺𝐿𝐿𝑎𝑎2𝜌𝜌𝛿𝛿𝑚𝑚 

γ= 𝜓𝜓
𝜙𝜙

 



 
Basic Questions 

1. Is GR consistent with data on each scale?  

2. What is the optimum parametrization in providing the  
 best quality of fit to the data? 

3. What are the theoretical models that support such parametrization? 



 
Cosmic Growth of Density Perturbations 

Define gauge invariant: 

Perturbed metric Newtonian gauge: 



 
Observational Probe of Perturbation Growth 

Growth rate: 

Density rms fluctuations within spheres of radius R = 8h-1Mpc 

Bias free combination: 

Datasets of fσ8(z) datapoints from RSD survey measurements (each assuming different fiducial cosmology),   
18 of them robust-independent 

Model correction factor 
(Alcock-Paczynski correction): 



Construction of Likelihood 
Contours for GR 

Define H(z) parametrization: 

Solve the dynamical growth equation to obtain δ(α,w,Ω0m)  (Geff=1): 

Construct theoretically predicted fσ8(a,σ8,w,Ω0m):  

Construct χ2(σ8, w,Ω0m):  



fσ8(z) Growth Data  



Robust Independent fσ8(z) Data 
Gold 2017 Dataset 



fσ8(z) Growth Data  



Likelihood Contours – Evolution of 
Tension 

Tension  between growth data contours and corresponding Planck15/ΛCDM best fit 
Tension changes between early published and more recent data. 



Weak Lensing + Clustering 

Tension level remains if weak lensing is also considered 



Evolving Geff(z) 

Conditions to be satisfied by viable Geff(z) parametrizations: 

1. lim
𝑧𝑧→0

𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒
′ 𝑧𝑧 ≃ 0  solar system tests  

2.  lim
𝑧𝑧→∞

𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒
′ 𝑧𝑧 ≃ 0  nucleosynthesis constraints  

Viable parametrization: 

𝒏𝒏 ≥ 𝟐𝟐 



Reducing the Tension with 
Planck/ΛCDM 



20-point moving average of the 
parameter ga 

Late data have higher error bars and are at higher redshifts. 
They are blind to deviations from GR. 

Allowed region by CMB ISW 
effect. 



Optimal redshifts and blind spots 
for detecting deviations from GR 

Blind spot 



Basic Questions 

1. What Modified Gravity models are consistent with the best fit parametrizations Geff(z)? 

2. Can viable Scalar Tensor models get reconstructed from Planck/ΛCDM and the best fit Geff(z)? 

No! 
Reconstruction leads to negative kinetic terms in the scalar tensor action 



Reconstruction of Scalar-Tensor 
Quintessence 

Scalar-Tensor Action: 

Dynamical Equations: 

FLRW Metric: 

Dynamical Equation wrt Redshift  (eliminate potential U): 



Reconstruction of Scalar-Tensor 
Quintessence 

Dynamical equation: 

At z=0 (F’(0)=0, F(0)=1): 

   G′′ z = 0 /GN = 2 𝜙𝜙′2 z = 0 − 9 1 −Ω0m 1 + w0 +
9 1 −Ω0m 2 1 + w0

2

𝜙𝜙′2 z = 0
 

𝑞𝑞 𝑧𝑧 = Ω0m 1 + z 3 + 1− Ω0m 1 + z 3 1+w0  



Increasing Geff(z) for w0≤-1 

   G′′ z = 0 /𝐺𝐺𝑁𝑁 = 2 𝜙𝜙′2 z = 0 − 9 1 −Ω0m 1 + w0 +
9 1− Ω0m 2 1 + w0

2

𝜙𝜙′2 z = 0
 

𝐺𝐺 𝑧𝑧 ≃ 𝐺𝐺 0 +
1
2𝐺𝐺

′′ 0  z2 = 𝐺𝐺 0 + 𝜙𝜙′2 0  𝑧𝑧2 

𝑤𝑤0 ≃ −1 



The Reconstructed kinetic term is 
negative!  

General Result: In a ΛCDM background, any Geff(z) initially decreasing with z leads to 
a reconstructed scalar-tensor negative kinetic term for some range of z. 

If the tension is physical and the background is Planck/Λ CDM, then a more 
general modified gravity theory than scalar-tensor is required 



Testing homogeneity of Newton’s 
constant on sub-mm scales 

The Washington Experiment apparatus: 

The torque from the holes of the rotating lower ring (attractor) on the 
holes of the upper ring (torsion pendulum) is measured by monitoring 
the pendulum twist for various ring separations and subtracted from 

the expected Newtonian torque. 

Torque residuals are measured and fit  
to Yukawa and power law 

parametrizations  



Parametrizing Newton’s constant 
on sub-mm scales 

Yukawa parametrization: 𝑚𝑚2 > 0 

Power law parametrization: (brane world models) 

Oscillating parametrization: 

(f(R) theories (instabilities), Infinite Derivative Gravity) 

𝑚𝑚2 < 0 

Dark Energy Scale: 



Fits to the Torque Residual Data 



Statistical Significance 

About 10% of Newtonian Monte Carlo Datasets have deeper oscillating χ2 
minima than the actual Washington experiment dataset 

There is about 10% probability that the signal is a statistical fluctuation. 
It could also be a systematic effect. 



Theoretical Models I: f(R) theories 

Weak field gravity: 

m2>0 

m2<0 

m2<0: Instabilities 

m2>0: Stability 



Theoretical Models II:  
Infinite Derivative Gravity 

No instabilities for proper choice of Fi (eg exponential). 

Predicted gravitational potential: 

n>10 is well fit as: 

No singularities! 



Conclusions 

Tension within ΛCDM: The best fit Plank15/ΛCDM σ8-Ω0m parameter values  
are about 3σ away from the corresponding best fit parameter values obtained 
using the latest RSD growth rate data assuming a Planck15/ΛCDM background 
cosmology. 

Reduced Tension with Geff(z): The tension can be reduced if an evolving 
Newton’s constant is allowed leading to weaker gravity at z≈1. This type of 
evolution can not be reproduced in scalar-tensor theories with a ΛCDM 
background. 

Sub-mm Spatially Oscillating Newton Constant: Higher derivative gravity 
models generically predict sub-mm spatial oscillations of Newton’s constant. 
Hints for such oscillations have been demonstrated to exist in the Washington 
torsion-balance experiment. 
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