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Analytic/PN expansion 
(Approx. but fast)

Inspiral Merger Ringing

100+ events per year!
1000+ cycles in band @ Design-Sensitivity  
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x ⇠ (v/c)2
⌫ ⇠ m2/m1

3.5PN order

Inspiral

Blanchet, Damour, Faye et al. (harmonic) 
Damour, Jaranowski, Schaefer, et al. (ADM)

State of the Art

et al.



. . . 3.5PN order

Inspiral

Are we ready for the future?

Blanchet, Damour, Faye et al. (harmonic) 
Damour, Jaranowski, Schaefer, et al. (ADM)

et al.
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Theoretical uncertainties  
dominate over planned empirical reach

Inspiral

A. Buonanno (QCD meets Gravity 18’)



. . .
‘New Physics’

Threshold

We haven’t reached the analytic precision
to distinguish between compact bodies!

Qij = CEEij

CE ⇠ R5

(‘Susceptibility’)

Inspiral
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. . .
‘New Physics’

Threshold

Inspiral

We haven’t reached the analytic precision
to distinguish between compact bodies!

QM: See Ira’s talk



. . .
‘New Physics’

Threshold

Inspiral

We haven’t reached the analytic precision
to distinguish between compact bodies!

(See other talks for various probes of light particles)
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Merger Ringing

100+ events per year!

GWPD!

GW Precision Data (GWPD)™

 

1000+ cycles in band @ Design-Sensitivity  

Extremely accurate Post-Newtonian waveforms



Goldberger Rothstein (2004)
RAP (2005)
Galley, Leibovich, Ross
Foffa, Sturani, … 
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: Finite sizeEFT1



eiW =

Z
Dhei(SEH[h]+Spp[h,xa])

<latexit sha1_base64="MZaBhaIgu0pr2jr95+DFsHiEBNY="></latexit>

Classical optical 
theorem with
Feynman b.c.

h0|0iJ =log

Goldberger Rothstein (2004)
RAP (2005)
Galley, Leibovich, Ross
Foffa, Sturani, … 
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UV Divergences:
 (localized sources)

: Finite sizeEFT1

fully 
relativistic



eiW =

Z
Dhei(SEH[h]+Spp[h,xa])
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e.g. Duff (70’s); 
Damour et al. (90’s)

h0|0iJ =log

Goldberger Rothstein (2004)
RAP (2005)
Galley, Leibovich, Ross
Foffa, Sturani, … 

UV Divergences:
 localized sources

: Finite sizeEFT1



h0|0iJ =log

v

v2

…

potential & radiation 

eiW =

Z
Dhei(SEH[h]+Spp[h,xa])
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(includes RR!)
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: NRGR (similar to NRQCD)EFT2Goldberger Rothstein (2004)
RAP (2005)
Galley, Leibovich, Ross
Foffa, Sturani, … 
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eiW =

Z
Dhei(SEH[h]+Spp[h,xa])
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[h,matter]

h0|0iJ =hp1, p2, 0|p3, p4, 0i

Neill Rothstein (2013)
Cheung Rothstein Solon (2017)
Bern et al. (2019)
…

Double Copy & Unitarity methods  

Amplitudes (On-shell)

=

)

(See Pierre’s talk)

Z
D[matter]

3PM (G^3) potential region 
to all orders in velocity 

(Subset of full PN)



Galley RAP Leibovich Ross (2016)
Foffa Sturani Mastrolia Sturm (2016)
RAP Rothstein (2017)
RAP (2017)
Foffa Sturani (2019)
Foffa RAP Sturani Rothstein (2019)

Damour Jaranowski Schafer (2014)
Blanchet et al. (2018)

x ⇠ (v/c)2
⌫ ⇠ m2/m1

Latest: Binding energy to 4PN



Foffa Sturani Mastrolia Sturm (2016,2019)

Challenging computations



Galley RAP Leibovich Ross (2016)

There are ‘IR’ logs (before finite size effects!)



Fixed by comparison 
with self-force 

It wasn’t determined from first 
principles with PN framework!

Ambiguity associated to IR divergences 
(Similar to Lamb shift…soon)





IR/UV cancelation
There are no 
ambiguities!



IR/UV cancelation
There are no 
ambiguities!

Universal log
in binding energy



IR/UV cancelation
in dim. reg.

(non-trivial in
other schemes)

correct 
value w/out
ambiguities!



correct 
value w/out
ambiguities!



“log+5/6” dissipative 
term



cancelation of near/far  
IR/UV spurious poles*

near zone renormalization 
(self-energies important!)

*Zero-bin subtraction 
(scale-less integrals)



The operators beyond minimal coupling can be removed by field-redefinitions until 5PN (no spin) 

No renormalization scheme-dependence (no UV ambiguities)

diff invariance + RPI (in dim. reg.)

Effective action to 4PN order:



Potential

Radiation

IR  
divergent

UV  
divergent

1

p20 � p2
=

1

p2
�
�1 + p20/p

2 + · · ·
�

cancel 
out!*

*Zero-bin subtraction 
(scale-less integrals)



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

for extracting the GW’s information” 1993

Kip Thorne ‘The last 3 minutes’ paper 
20+ years prior to first detection!



Knowledge at the time!





Damour Jaranowski Schafer (2014,2016)
Blanchet Faye et al. (2015,2018)

“… + Log + 41/30”



?

Are we ready for the future?

First non-trivial 
operator in EFT!NO!



01.01.2025

LHC to LISA

Neutron stars unveiled!

New particles discovered! 
New objects found!

New era of foundational  
investigations established  
through GWPD. 

EinsTein Reloaded!

Le Monde



Extra Slides



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



Perturbed 
Black HolePorto, R.A.

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

Porto, R.A.
Porto, R.A.
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Key contributions to State-of-the-art







Precision gravity!
(Jupiter is the leading effect)

Feynman’s EFT computation 
(Anomalous shift at 1PN) 

Perihelion of Mercury:
One of the first confirmations 

of Einstein theory



5PN threshold!

[…]

Feynman’s Gravity (ala QFT)


