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The discovery potential in GW Science relies on            
Precise Theoretical Predictions           


                         

Gravitational Collider
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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

Gravitational Collider
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. . .

Merger Ringing

Main Goal: Extremely accurate Post-Newtonian waveforms

100+ events per year!

Inspiral

Post-Newtonian 
Expansion

GWPD!

‘New Physics’ searches through GW Precision Data (GWPD)™

 

1000+ cycles in band @ Design-Sensitivity  

Gravitational Collider
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. . .

Inspiral

x ⇠ (v/c)2
⌫ ⇠ m2/m1

State-of-the-art

3.5PN order

Quadrupole Formula

Gravitational Collider

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

Inspiral

Are we ready for the future?
Theoretical uncertainties may  

dominate over planned empirical reach

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

Gravitational Collider
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. . .

Inspiral

New Physics
Threshold

Inner structure 
of compact objects

Are we ready for the future?

Gravitational Collider

We haven’t reached the precision
to distinguish (from PN) between compact bodies!
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. . .

Impact:  ‘New Physics’ 

searches with GWPD

+O(x5)

• Strong Interaction       
(Neutron star’s state)

• Spacetime                          
(Black holes in GR)

• Dark Matter                     
(Axions, Exotics)

sample diagrams

to ‘5 loops’


Finite-size Threshold

Gravitational Collider



• Opportunities: ‘Future of GW Science’ 


• Now: Feynman


• Challenges: New tools?
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Merger Ringing Tidal  Spin Absorption

• Strong Interaction (Neutron stars’ EOS)

• Spacetime  (Black holes in General Relativity)

• Dark Matter (Axions, Exotic Compact Objects)

• Unknown Unknowns!

Opportunities

Gravitational Collider
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Merger Ringing Tidal  Spin Absorption

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

during the inspiral phase (many astrophysical sources)

4

Inspiral (5PN)

Gravitational Collider
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Merger Ringing Tidal  Spin Absorption

✓
R

r

◆5

⇠ v10

(5PN)

Static Limit:
Qij = CEEij

Z
dtQijEij

Gravitational Collider

� < 0.89

CE ⇠ R5

⇤̃ ⇠ CE/M
5
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Merger Ringing Tidal  Spin Absorption

✓
R

r

◆5

⇠ v10

CE ⇠ R5

(5PN)

Static Limit:
Qij = CEEij

Z
dtQijEij

Gravitational Collider

� < 0.05

⇤̃ ⇠ CE/M
5
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Merger Ringing Tidal  Spin Absorption
(5PN)

???

NO  
‘Standard Model  

Background’!

Gravitational Collider

Damour Nagar
Bennington Poisson
Kol Smolkin Unrelated to no-hair!


(only zero in d=4)

� < 0.89
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Merger Ringing Tidal  Spin Absorption
(5PN)

Masses (and spin) 
of ultralight particles

Gravitational Collider
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Merger Ringing Tidal  Spin Absorption
(5PN)

More accurate templates!                                                                

(Feynman, New tools…)

Opportunities:                                                 
New physics threshold                                     !̇

!2
=

96

5
⌫x5/2

n
1 + · · ·+ [· · · ]x7/2

o

+O(x4)+O(x5) + · · ·N5LO
5PN

GW Precision Data

Gravitational Collider



• Opportunities: ‘Future of GW Science’ 


• Now: Feynman


• Challenges: New tools?
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Numerical 
Relativity

Perturbed 
Black Hole

�19

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) + · · ·
*

Now: Feynman (thus far)

LHC to LISA
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Brand new: Binding energy to 4PN

Damour Jaranowski Schaefer (2014, 2016)
Blanchet, Faye et al. (2015, 2017)

x ⇠ (v/c)2
⌫ ⇠ m2/m1
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Brand new: Binding energy to 4PN

Foffa Sturani (2012)
Galley Porto Leibovich Ross (2015)
Foffa Sturani Mastrolia Sturm (2016)
Foffa Sturani (to appear)
Foffa Porto Sturani Rothstein (to appear)
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Complexity escalates quickly 

Gravitational Collider

Challenging computations!
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Different expansion parameters
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There are logs!



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

(Similar to Lamb shift)



“IR/UV” cancelation
There are no 
ambiguities!

The divergence is due to split into regions
The ambiguity arises from independent     

regularizations of the near/far zone
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IR/UV cancelation
in dim. reg.

(non-trivial in
other schemes)

Gravitational Collider

correct 
value w/out
ambiguities!
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Logarithmic
contribution
to energy!
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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)
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Accounts for

non-conservative part

This includes  
everything 
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The elimination of IR divergences in Marchand et al. isn’t fully 
kosher. It works because physical logs appear at higher orders.

Some of those poles are infrared.

*Must not* be absorbed into WL (short-distance)

Gravitational Collider



UV counter-terms (can be removed by field-redef. at 4PN)

Rafael A. Porto �32

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

Gravitational Collider

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

The cancelation is 
by construction.

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



• Opportunities: ‘Future of GW Science’ 


• Now: Feynman


• Challenges: New tools?

Rafael A. Porto �33 Gravitational Collider



Rafael A. Porto �34 Gravitational Collider

Challenges: New tools?

We know (EFT) how to compute the integrals

to reach the 5PN threshold (See Pier-Paolo’s talk)

(If we know G^n integrals we know (n+1)PN) 

There is a Z2 bulk sym. for the static case (\phi->-\phi)

known 

only binding


missing 
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Challenges: New tools?

Challenge: Combinatorial & 5loops for nPN with n>5

(Spinning part is ‘easier’: New vertices in the Feynman rules)

We know (EFT) how to compute the integrals

to reach the 5PN threshold (See Pier-Paolo’s talk)

(If we know G^n integrals we know (n+1)PN) 

known 

only binding


missing 
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Challenges: New tools?

Radiation moments are *simpler* than computing the binding energy

The N^(n+1) LO multipoles depend on N^n LO integrals

known 

only binding


missing 
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Challenges for New tools

Darwin 
Feinberg Sucher

• Gauge (in)variant quantities
e4

mr2
Gauss’ law!?

m2 � m1

Non-instantaneous correction (shift in WL) 

+ EOM (field re-definition)

Bern-Carrasco-Johansson 
Bjerrum-Bohr Donoghue et al. 
Cachazo et al.
Cheung Rothstein Solon 
Damgaard Vanhove et al.
Damour
Goldberger et al.
Ladha Sen
O’Connell et al.
O’Connell Kosower Maybee
Neill Rothstein
Plefka Steinhoff
Vines
…
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Challenges for New tools

• Deflection angle (integrated vs instantaneous)

IN-IN classical formalism vs. IN-OUT Scattering Amplitudes

Galley
Leibovich

RR force includes 

everything!


(Modulo Schott terms)
Maia Galley Leibovich Porto

Bern-Carrasco-Johansson 
Bjerrum-Bohr Donoghue et al. 
Cachazo et al.
Cheung Rothstein Solon 
Damgaard Vanhove et al.
Damour
Goldberger et al.
Ladha Sen
O’Connell et al.
O’Connell Kosower Maybee
Neill Rothstein
Plefka Steinhoff
Vines
…

Non-instantaneous correction (shift in WL) 


IN-IN double(double)-copy?
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Challenges for New tools

• Radiation (Flux vs Multipoles)

O’Connell

‘large N’?

…

Multipole PN expansion in EFT:
Amplitude:


Imaginary part +

optical theorem (?)

Bern-Carrasco-Johansson 
Bjerrum-Bohr Donoghue et al. 
Cachazo et al.
Cheung Rothstein Solon 
Damgaard Vanhove et al.
Damour
Goldberger et al.
Ladha Sen
O’Connell et al.
O’Connell Kosower Maybee
Neill Rothstein
Plefka Steinhoff
Vines
…
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Challenges for New tools

• There are no IR divergences in S-matrix                            
(PM does not have zones!)


• Classically, region which contributes to kick                        
(real part) is ‘potential’ q0~v.q (with q~1/b) 


• Yet, ‘Lamb-shift’ logarithm(s) must show up                        
— resummed — at 4PM (O(G^4p^2+…))                            
from ‘soft modes’ p0~p.

• ‘Gravitational Lamb shift’ (PN vs PM)

G4v2

Bern-Carrasco-Johansson 
Bjerrum-Bohr Donoghue et al. 
Cachazo et al.
Cheung Rothstein Solon 
Damgaard Vanhove et al.
Damour
Goldberger et al.
Ladha Sen
O’Connell et al.
O’Connell Kosower Maybee
Neill Rothstein
Plefka Steinhoff
Vines
…
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Precision Gravity: 
from LHC to LISA

Neutron stars unveiled!

New particles discovered! 
New objects found!

New era of foundational investigations 
established—through GWPD. 

Thank you…


