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The discovery potential 

in GW Science relies on


            
Precise Theoretical Predictions           
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Challenge: Two-body problem in General Relativity

Merger RingingInspiral

Numerical

(exact but slow)

Analytic/Perturbative

(Approx. but fast)

. . .

Waveform needs to match over all observed cyclesWaveforms need to match data over all cycles

Analytic/

Perturbative

Precision Gravity
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Merger RingingInspiral

Unfeasible with only numerical methods

GW150914

. . .

Waveforms need to match data over all cycles

Challenge: Two-body problem in General Relativity

GW170817

Post-Newtonian 
Expansion

Numerical

(exact but slow)

Analytic/

Perturbative

1000+ cycles in band @ Design-Sensitivity  

Precision Gravity
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. . .

Merger Ringing

Main Goal: Extremely accurate Post-Newtonian waveforms

100+ events per year!

Inspiral

Post-Newtonian 
Expansion

GWPD!

GW Precision Data (GWPD)™

 

1000+ cycles in band @ Design-Sensitivity  

Precision Gravity
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. . .

Inspiral

x ⇠ (v/c)2
⌫ ⇠ m2/m1

State-of-the-art & Methodology

classical 
Feynman diagrams

3.5PN  
order

Quadrupole 

Formula

Precision Gravity

100+ events per year!
1000+ cycles in band @ Design-Sensitivity  
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. . .

Inspiral

Good  
Enough?

Precision Gravity

Are we ready for the future?

x ⇠ (v/c)2
⌫ ⇠ m2/m1

Quadrupole 

Formula
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. . .

Inspiral

Are we ready for the future?
Theoretical uncertainties  

dominate over planned empirical reach

SNR: LIGO/VIRGO ~ 30  
but ET/CE & LISA ~ 100-1000!

Precision Gravity



Rafael A. Porto �12

. . .

Inspiral

‘New Physics’
Threshold

Inner structure 
of compact objects

Are we ready for the future?
We haven’t reached the precision

to distinguish between compact bodies!

Precision Gravity



• EFT approach to binary problem


• Opportunities: ‘Future of GW Science’ 


• Challenges: How do we get there?
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GW precision physics

Precision Gravity



Separation of Scales (2-body in GR):

Effective Field Theory:                                               
One scale at a time

Tools from HEP: Feynman diagrams,        
regularization/renormalization/RG-flow 

v

v2

Goldberger Rothstein (2006)
Porto (2006)

The EFT approach
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v

v2

finite
size

potential modes
(off-shell 
binding)

radiation modes
(on-shell GW)
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The EFT approach

Precision Gravity

Goldberger Rothstein (2006)
Porto (2006)



v

v2

Spp = �
Z

d⌧ (m+ q vµAµ + . . .)

finite
size

potential modes
(off-shell 
binding)

radiation modes
(on-shell GW)
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The EFT approach

. . . = ~p · ~E + . . .

Precision Gravity



v

v2

finite
size

potential modes
(off-shell 
binding)

radiation modes
(on-shell GW)

�
Eab = eaµe

b
⌫W

↵µ�⌫v↵v�
�

. . . =
1

2
QijE

ij + . . .
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The EFT approach

Spp = �
Z

dt (m
p
vµvµ + . . .)

Precision Gravity



v

v2

finite
size

potential modes
(off-shell 
binding)

radiation modes
(on-shell GW)

(‘Mass’)
�Gm1m2

r

*Iterating Green’s functions (point-particle sources) 
leads to UV(IR) divergences: Renormalization 


Z
V dt
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The EFT approach

Precision Gravity



v

v2

finite
size

potential modes
(off-shell 
binding)

radiation modes
(on-shell GW)

…

1

2

Z
dt IijEij + . . . Iij =

X

a

Z
ma(1�Gmb/r + . . .)[xi

ax
j
a]TF + . . .
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The EFT approach

Precision Gravity



‘That’s nice, but what can 
you do with it?’ 
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Perturbed 
Black Hole

�21

Porto, R.A.

Porto, R.A.
Porto, R.A.
Porto, R.A.
Porto, R.A.

Porto, R.A.
Porto, R.A.

!̇

!2
=

96

5
⌫x5/2

n
1 + · · ·+ [· · · ]x7/2

o

+O(x4)+O(x5) + · · ·

GR

*

Key contributions to State-of-the-art

Precision Gravity



The formation of stellar/
super-massive BHs
The possibility of ‘clouds’ of 
light particles (e.g. axion) 

A wealth of information, e.g.:

q = m2/m1
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Key contributions to State-of-the-art

1.5PN SO 2.5PN SO 3PN SOtail

3.5PN SO 4PN SOtail

2PN SS

& SS

& SS

Porto (2006)
Porto Rothstein (2006)
Porto (2007)
Porto Rothstein (2008)
Porto Rothstein (2008)
Porto (2010)
Porto Ross Rothstein (2011)
Porto Ross Rothstein (2012)
Galley Porto Leibovich Ross (2015) 
Levi Steinhoff (2014, 2015)
Blanchet et al. (2016)

Precision Gravity
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GW precision physics

Precision Gravity

• EFT approach to binary problem


• Opportunities: ‘Future of GW Science’ 


• Challenges: How do we get there?



xkcd

UNCHARTED TERRITORY!
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The future of GW Science

xkcd

Precision Gravity

LISA, Cosmic E. & Einstein T. 
High-precision detectors


Ready for 3rd Gen. GW Science!

AdvLIGO/VIRGO

Several events/year @ design20’


Nature of sources!
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The future of GW Science

Merger Ringing Tidal  Spin Absorption

• Strong Interaction (Neutron stars’ EOS)

• Spacetime  (Black holes in General Relativity)

• Dark Matter (Axions, Exotic Compact Objects)

• Unknown Unknowns!

Precision Gravity
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The future of GW Science

Merger Ringing Tidal  Spin Absorption

Clean analytic control for the majority of cycles (10 +!) 

during the inspiral phase (many astrophysical sources)

4

Inspiral

Precision Gravity

(5PN)
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Merger Ringing Tidal  Spin Absorption
(5PN)

Precision Gravity

The future of GW Science

Qij = CEEij

✓
R

r

◆5

⇠ v10

CE ⇠ R5

(‘Susceptibility’)
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Merger Ringing Tidal  Spin Absorption
(5PN)

Precision Gravity

⇤ =
CE

M5

w/out 
spinSystematics 

waveform modeling
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Merger Ringing Tidal  Spin Absorption
(5PN)

Precision Gravity

mass 
ratio
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Merger Ringing Tidal  Spin Absorption
(5PN)

NO ‘Standard  
Model Background’!

Precision Gravity

Unrelated to no-hair!

(only zero in d=4)
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Merger Ringing Spin Absorption

Precision Gravity

Tidal  
(5PN)

Can be distinguished  
due to ‘resonances’
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Merger Ringing Spin Absorption

Precision Gravity

Tidal  
(5PN)

LISA ET
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“Waveforms will be far more complex and carry more 
information than expected. Improved modeling will be needed 

for extracting the GW’s information” 
Kip Thorne ‘The last 3 minutes: […]’ 1993 

20+ years prior to first detection!



Rafael A. Porto �34 Precision Gravity

knowledge 
at the time!
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• EFT approach to binary problem


• Opportunities: ‘Future of GW Science’ 


• Challenges: How do we get there?
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GW precision physics

Precision Gravity
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Challenge: Towards ‘new physics’ 5PN threshold
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Challenge: Towards ‘new physics’ 5PN threshold
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Challenge: Towards ‘new physics’ 5PN threshold
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Challenge: Towards ‘new physics’ 5PN threshold

Master Integrals at  ‘5 loops’

Factorization
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. . .

Analytic control:

reach physical threshold at 5PN 


Ambitious:

Impact:  ‘New Physics’ searches with GWPD
Challenge:  Number of Feynman diagrams

+O(x5)

• Strong Interaction       
(Neutron star’s state)

• Spacetime                          
(Black holes in GR)

• Dark Matter                     
(Axions, Exotics)

Precision Gravity
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. . .

+ · · ·

Adapt tools from  
‘Scattering Amplitudes’ 

in HEP to the binary      

 inspiral problem in GR

+ · · ·+O(x5)

Impact: Deeper understanding of gravity 

Ambitious:Very

Analytic control:

beyond (Feynman)
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5PN 
threshold!

[…]

Feynman’s Gravity (ala QFT)

Precision Gravity
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01.01.2025

From the LHC to LISA
By Rafael A. Porto

Neutron stars unveiled!

New particles discovered! 
New objects found!

New era of foundational  
investigations established  
through GWPD. 

Einstein Reloaded!

Die Zeit

Precision Gravity



Rafael A. Porto �47

Extra Slides

Precision Gravity



Originally not determined from first 
principles within PN framework.
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Ambiguity parameter
associated to IR divergences 

(Similar to Lamb shift)

Precision Gravity
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IR/UV cancelation
in dim. reg.

(non-trivial in
other schemes)

finite term
uniquely

determined!

Precision Gravity
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Logarithmic
contribution
to energy!

Precision Gravity
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The 41/30 *only makes sense* if IR/UV poles (and \mu!) are properly removed

 as in the Lamb shift (Otherwise you have scheme dependence = ambiguity)

Precision Gravity
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(UV renormalization and IR/UV identification in dim. reg.)
Unambiguous/Consistent derivation in EFT

IR/UV (would-be IR) 
=> UV in EFT

The cancelation is 
by construction.

Entirely due to regions.
It is not there in
PM expansion!

Precision Gravity
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Precision gravity!
(Jupiter is the leading effect)
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Feynman’s EFT computation 
(Anomalous shift at 1PN) 

Perihelion of Mercury:
One of the first confirmations 

of Einstein theory

Precision Gravity


