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parameterized post-Einsteinian (ppE) Formalism 
[Yunes & Pretorius (2009)] 

n-th post-Newtonian (PN) 
correction relative to GR 

ppE parameter 

signal: GR waveform consistent with GW150914 & GW151226 
template: ppE modified waveform 

Fisher Analysis 

c = G = 1

gravitational waveform phase: 

Introduction�

Time-varying G theories 

�
˙G ⇠ ĠM

tot

 (f) =  GR(f) + � v2n�5
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Different Types of Modifications 
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ppE Phase for Modified GW Generation 

(due to the lack of BH binary merger simulations in non-GR theories) 

 (merg,ring) =  (merg,ring)
GR

[Abbott et al. PRL 116 061102 (2016)] 

non-GR correction in 
inspiral only 

 (insp) =  (insp)
GR + � v2n�5

   generation�    propagation�



Constraining GR Fundamental Pillars 

   Kent Yagi 

[LIGO-Virgo  
Collaboration (2016)] 

[Yunes & Hughes (2010)] 

Be careful when 
comparing these 
bounds!! 

    depends not only on 
theoretical constants but 
on system parameters 
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[Yunes & Hughes (2010)] 

[Yunes, KY & 
Pretorius (2016)] 

extra 
dimension 

time 
varying G 

scalar monopole 
activation  

vector field 
activation 

scalar dipole 
activation 

4D equivalence 
principle 

Lorentz 
invariance 

parity 
invariance 

equivalence 
principle 
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comparing these 
bounds!! 
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no meaningful constraints 
(beyond small-coupling approximation) 

weaker than current bounds  
first constraint in the strong/dynamical gravity regime 

   generation�    propagation�
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graviton dispersion relation 

Modified GW Propagation 

D 

This correction is added to full  
inspiral-merger-ringdown GR phase. 

E2 = (p c)2 +A (p c)↵

 � GR ⇠ AD f↵�1

   generation�    propagation�
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[Kiyota & Yamamoto 
(2015] 

E2 = (p c)2 +A (p c)↵

[LIGO-Virgo  
Collaboration (2016)] 

A > 0

A < 0
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Bounds on the Propagation Mechanisms 

   Kent Yagi 

-massive 
gravity -mod. special relativity 

-Lorentz violation 
-extra dimension 

-Lorentz violation -Lorentz 
violation 

[Kiyota & Yamamoto 
(2015] 

[Yunes, KY & 
Pretorius (2016)] 

-strong constraints 
from GWs 

-complementary to 
cosmic ray bounds 

-GW151226 
bound similar to 
GW150914 

E2 = (p c)2 +A (p c)↵

[LIGO-Virgo  
Collaboration (2016)] 

A > 0

A < 0
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-Merger simulations in non-GR theories 
-Stacking multiple signals 
-Electromagnetic counterpart 

generation mechanisms:  
-weak bound  
-first strong/dyn. gravity constraint 
 

propagation mechanisms: 
-strong bound 
-complementary to cosmic rays 
 

Takeaway 

Conclusions�

https://igoligo.wordpress.com/
2016/02/12/einstein-was-right/ 

Thank You 
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Effect of Higher PN Corrections 
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Brans-Dicke (BD) theory as an example 

Higher PN corrections know for small mass ratio limit 

 BD(f) =  GR(f) + �BD (⇡Mf)�7/3

"
1 +

5X

k=2

� BD
k (⌘) (⇡Mf)k/3

#



Mismodeling Template Systematics 
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(m1 +m2)f

��

Waveform mismodeling error in phase 

[Khan et al. (2015)] 

[Yunes, KY & Pretorius (2016)] 

m1 = m2 �1 = �2 = 0

Mismodeling systematics 
much smaller than 
statistical errors 



Strong Equivalence Principle 
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1.  The trajectories of freely-falling test bodies, including self-
gravitating ones, are independent of their internal structure and 
composition. 

2.  Results of any local experiment, including gravitational ones, are 
independent of when and where they are performed (local position 
invariance), and of the velocity of the experimental apparatus (local 
Lorentz invariance). 

[Will, Living Review (2006)] 
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10 orders of magnitude 
stronger bound on 
gravitational Lorentz violation 

Constraining GW Propagation with EM Counterparts 

uncertainties in 
intrinsic time delay 

•  Fermi GBM 
•  super-luminal GWs 
•  prompt emission 

[Nishizawa & 
Nakamura (2014)] 
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