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Outline of  my talk:

• Motivation 

• Overview of  the EFT (non-relativistic GR) formalism 

• Incorporating spin degrees of  freedom 

• Computing Observables 

• Concluding remarks

2



Compact Object Binaries and LIGO/Virgo/LISA

• First GW detection from black hole merger - LIGO 2015 

• Dozens of  detections since 

• Why? 

• Strong field G.R. 

• Structure of  Neutron Stars 

• Multi-messenger physics 

• Populations in stellar graveyard (spins, masses, etc) 

• Others?

Motivation
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LIGO/University of  Oregon/Ben Farr



Big Picture: Producing precise templates for GW detectors

• Solve Einstein’s field equations:   

• Challenges 

• Difficult to find exact solutions 

• Numerical methods costly 

• High precision waveforms needed for parameter extraction 

• Large template bank needed for detection 

Rμν−
1
2 gμνR = 8πG Tμν

Motivation
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Motivation

BHPTNumerical 
Relativity

Analytics
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• Post-Newtonian Approximation beyond Newtonian:  

• By Virial theorem:

Strategy: Take advantage of  separation of  scales!

Non-relativistic General Relativity
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• Start with full GR coupled to point particle: 

• Expand metric: 

• Compute Feynman rules: 

• Integrate out potential modes: 

gμν = ημν +
hμν

MPl
= ημν + h̄μν + Hμν

Non-relativistic General Relativity

S = Smatter( ·xi, g, S) + SEinstein−Hilbert(g) + Sgauge fix
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∼ mi h̄H

exp [iSNRGR [xa, h̄]] = ∫ 𝒟Hμν exp [iS (h̄ + H, xa)]

Radiation 
Modes

Potential 
Modes

(Goldberger and Rothstein 2005)



• Goal: find action that reproduces Mathisson-Papapetrou-Dixon Eqn.: 

• (Porto 2006) Use Routhian mechanics + tetrads: 

• Expand Routhian using:  

• Couplings: 

• Power Counting:

Non-relativistic General Relativity - Including Spin DOF
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Schematic of  EFT

Non-relativistic General Relativity

Integrate out off-shell 
potential modes

Long-range theory
Full theory

Iij, Jij, Iijk, Jijk, etc .
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Multipole moments



• 1.5PN diagrams: 

• 1.5PN potential from Lagrangian: 

• In general:

1.5PN Spin-Orbit Effects
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• - 6 DOF,  but 3 unphysical 

• Spin Supplementary Conditions (SSC) 

• Covariant: 

• Newton-Wigner: 

• Physically: Coordinate transform + PN shift of  C.O.M. 

• Equations of  motion depend on SSC! 

•   

•   

Sμν

Spin-Supplementary Conditions
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Sμνpν = 0

Sμ0 − Sμj ( p̃ j
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NLO Spin-Orbit Potential:

NLO Spin-Orbit Effects
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(Porto 2010)

CM corrections

Frame corrections

areduced

Impose SSC

a2.5PN SO



• Energy flux:  

• Waveform: 

• Compute Energies from potentials: 

• Orbital Frequency (circular orbits): 

Computing observables
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(Kidder 1995, Ross 2012)

rω2 = ⟨n̂ ⋅ a⟩



• For quasi-circular orbit:

Computing observables
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1. rω2 = ⟨n̂ ⋅ a⟩

Ψ = ∫ ωdt = ∫
ωf

ωi

ω
·ω

dω

2. ·r =
dE/dt
dE/dr

3.
·ω

ω
= −

2
3

·r
r

Need spin accelerations!

Accumulated orbital phase observed by LIGO:



• We need templates with spin: 

• Corrections to orbital frequency 

• Precession of  orbital angular momentum 

• Spin finite size effects enter early! 

•

Concluding Remarks
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(Kidder 1995)



• NLO spin-orbit effects from EFT in the works 

• Templates with spin 

• New results for orbital frequency 

• Increased confidence in results with other formalisms 

• Other projects: 

• GR from Scattering Amplitudes (including spin!) 

• Finite size effects from EFT

Concluding Remarks
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Thank you!



BACK-UP SLIDES
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• Calculate Power Loss in EFT

Energy flux/Power Loss
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P =
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• Pieces that contribute at 1.5PN: 

•   

•   

•   

•  

Energy Flux
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P1.5 ∼ {(aS
1.5, Q0), (a0, QS
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0 , Iij

S(1.5))
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Q0 = (Iij
0 , Iij

0 )
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8
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GR action, orbital decay
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