
Rafael A. Porto 

Precision Gravity: 
LHC to LISA 





Discovery Potential =

           
Precise Theoretical Predictions           

                         



Merger Ringing

GW150914

. . .

GW170817

Numerical

(exact but slow)

Analytic/

Perturbative

Analytic

(Approx. but fast)

Inspiral

‘GW Precision Data’ (GWPD)™

 



. . .

Merger Ringing

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

Inspiral

Post-Newtonian 

GWPD!

‘GW Precision Data’ (GWPD)™

 

Gm ⌧ r ⌧ � ⇠ r/v
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x ⇠ (v/c)2
⌫ ⇠ m2/m1

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

Goldberger, Rothstein, Ross, Foffa, Galley, Leibovich, Sturani, et al.

State of the Art 
 

3.5PN order (almost 4PN)



. . .

x ⇠ (v/c)2
⌫ ⇠ m2/m1

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

3.5PN order (almost 4PN)

Ready for the future? 
 

Goldberger, Rothstein, Ross, Foffa, Galley, Leibovich, Sturani, et al.









(W/OUT  
SPIN)

The (UV) divergences are due to the ‘point-particle’ limit 
However, they are unphysical at this order (More soon…)



(Classical) EFT

localized source introduces UV divergences

in a non-linear theory (General Relativity)

The ‘extra’ terms in the EFT  
renormalize the theory!
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Goldberger Rothstein (2004)
RAP (2005)



(Classical) EFT

Electric component  
of Weyl tensor

· · · = cRR+ cV Rµ⌫v
µv⌫ + · · ·+ 1

2
QijEij + · · ·
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Removed by field redefinitions 
(but needed to absorb unphysical  

UV poles due to pp approx.)

Finite Size 
Effects
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Goldberger Rothstein (2004)
RAP (2005)



(Classical) EFT

Effacement Theorem
The first finite size effect  


— for non-spinning spherically 

symmetric (in isolation) —


starts at MR^4 

(5th Post-Newtonian order)
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2
ij
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(gauge invariant 
and unambiguous!)

Qij = CEEij

(‘Susceptibility’)

Damour (80’s)

Goldberger Rothstein (2004)
RAP (2005)



eiW =

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

(Classical) EFT

Classical optical 
theorem with
Feynman b.c.

Goldberger Rothstein (2004)
RAP (2005)



(Classical) EFT

eiW =

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

Goldberger Rothstein (2004)
RAP (2005)



eiW =

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

…

potential  
& radiation 

1

2
IijE

ij

hµ⌫ = ⌘µ⌫ +Hµ⌫ + h̄µ⌫
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binary

(1/r, v/r)
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(off-shell binding)
(v/r, v/r)
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(emission)Gm ⌧ r ⌧ � ⇠ r/v
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Goldberger Rothstein (2004)
RAP (2005)



eiW =

Z
Dhei(SEH[h]+Spp[h,xa])
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Includes both  
dissipative & conservative! 

NRGR

binary

Goldberger Rothstein (2004)
RAP (2005)



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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+O(x4)+O(x5) + · · ·

GR

*

NRGR contributions to State-of-the-art
Spin effects



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 in PN: Binding energy to N^4LO (no spin)

EFT re-derivation to 3PN: 
Gilmore and Ross (2PN)
Foffa and Sturani (3PN)



Foffa Sturani Mastrolia Sturm (2016,2019)

NRGR: Reduced to Feynman integrals



IR log from ‘radiation/soft’ modes!

Galley RAP Leibovich Ross (2016)



Computation in NRQED:



log↵e
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Bethe log

Adding up ‘near’ and ‘far’ zone contributions:

Computation in NRQED:



log↵e
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Bethe log



These spurious (IR) divergences  
are due to the split into regions   

(More soon…)

fixed by using results  
outside of PN



“But as always, we must pay for these logical simplifications  
by prolonging the chain of technical argument”



• Spurious IR/UV divergences cancel out (after zero-bin):  *

* Zero-bin subtraction. In dim. reg. at 4PN:                      

• Near zone UV removed by “counter-term”: 

B(n)
pot = �A(n)

rad
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cc.t.i / 1/✏UV
<latexit sha1_base64="gg03/WzGwcNyDZsofD9B9K6qUHw=">AAACGXicbVDLSgMxFM3UVx1fVZdugkVwIeNMLeiy4MZlBactdMYhk2ba0GQmJBmhDP0NN/6KGxeKuNSVf2P6WGjrgcDhnHu5OScWjCrtut9WaWV1bX2jvGlvbe/s7lX2D1oqyyUmPs5YJjsxUoTRlPiaakY6QhLEY0ba8fB64rcfiFQ0S+/0SJCQo35KE4qRNlJUce0ABmcQ3xeB5BA72hlHFAZCZkJn0DsPiFCUmcmp77fGUaXqOu4UcJl4c1IFczSjymfQy3DOSaoxQ0p1PVfosEBSU8zI2A5yRQTCQ9QnXUNTxIkKi2myMTwxSg8mmTQv1XCq/t4oEFdqxGMzyZEeqEVvIv7ndXOdXIUFTUWuSYpnh5KcQRN6UhPsUUmwZiNDEJbU/BXiAZIIa1OmbUrwFiMvk1bN8S6c2m292qjP6yiDI3AMToEHLkED3IAm8AEGj+AZvII368l6sd6tj9loyZrvHII/sL5+AP+AnxE=</latexit>

✏IR ! ✏UV
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Lamb Shift! 
“log+5/6”

dissipative 
term

?



Lamb Shift! 
“log+5/6”

dissipative 
term



Extra  
Regulator

Short- and  
long-distance 

poles & 
unphysical scales 

removed by 
world-line redef. 

iff combined

1

✏
(Apot +Bpot +Arad)
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does not 
cancel



NO AMBIGUITIES NOR ADDITIONAL REGULATORS
IR/UV SPURIOUS POLES CANCEL OUT



Universal log
in binding energy

IR/UV cancelation
There are no 
ambiguities!



cancelation of near/far  
IR/UV spurious poles*

near zone renormalization 
(via counter-terms) 



. . . 3.5PN order (almost 4PN)

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

Ready for the future? 
 

Goldberger, Rothstein, Ross, Foffa, Galley, Leibovich, Sturani, et al.



. . .

Theoretical uncertainties  
dominate over planned empirical reach

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
✓
R

r

◆5

⇠ v10

compact 
objects



. . .

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

(vanishes at all scales!)

‘New Physics’
Threshold



. . .

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

‘New Physics’
Threshold



“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 (…, 2013-2018)
Blanchet Faye Iyer, et al. (…, 2015-2018)

“… + Log + 41/30”

(No ambiguities)



Non-trivial 
operator at 5PN

cEE
2
ij
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Are we ready? 
 



01.01.203X

Neutron stars unveiled!

New particles discovered! 
New objects found!

New era of foundational  
investigations established  
through GWPD. 

EinsTein Reloaded!

Videnskab



Extra Slides



[…]

5PN threshold!



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)



Amplitudes

eiW =

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

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

[h,matter])
Z

D[matter]

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

3PM (G^3) — Subset of full 2PN
Bern et al. (2019)

=



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




