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无自旋双星系统韧致辐射的潮汐效应NLO阶修正计算
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Motivation

• No Spin Binary System 

• 1PN 1917 (GR-PN)                 Lorentz, Droste, 1917

• 4PN 2005 (EOB)                     Damour et al. 2005

• 6PN 2020 (EOB+EFT)            Damour et al. 2020

• 3PM 2022 (EFT)                     Zvi.Bern et al. 2020

• 4PM 2022 (EFT)                     Zvi.Bern et al. 2021



Why need Analytic?

Parameter oder  estimation
Inspiral: v<<1

Radiation power (LO),  time and cycles � ∼
1
2
��2

Impossible to use Numerical GR !!



Extrem Mass-ratio Inspiral (EMI)—LISA

Limitation: Weak field

Star Mass Inspiral—LIGO

Self-Force



Ambition: Extend to EMI
Z.Bern et al. 2023



Observable: Scattering angle (gauge invariant)

In COM frame

Eikonal  approch:

�
�
4��

= ∫��−2� �2�� − 1 ���⋅�

Vecchia, Veneziano et al. 2021
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Scattering angle to Potential
Kalin, proto 
2020,2021
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Boundary (Scattering) to Bound Kalin, proto 
2020,2021

Damour et al. 
2000



Radiation?
Mougiakakos, Riva et al. 2021

Reverse Unitarity



How to calculate Amplitude?
     
1.Hierarchy
2.PN-EFT
3.PN&PM-QFT
4.PM-EFT



Hierarchy



PN-EFT

Potential mode (NR):

Theory

Radiation mode (Relative):

Goldberger et al. 2008



PN&PM-QFT (Based on S-matrix)

Theory

Z.bern et al. 2020

In S-matrix, forget the feynman rules!



Unitarity Cuts

3PM2PM

With 1,2 <-> 3,4

1.No matter contact diagram (Hard mode)
2.No internal graviton loop (Hard mode)
3.No start & end point both at the same side (Scaleless Quantum)

How to get diagram?

Tree diagram



How to get Feynman Integrand?

Double Copy

KLT relation (D=4) BCJ duality (D=4)

Color&kinetic Jacobi Identity

Color ordered
Color dressed



How to integrate?
1.Graviton pole �0-> Soft-part(positive energy) + Hard-part(negative energy)

2. Integrate soft-pole, expand hard-
pole

(In potential region)

Contour Integral Expand by v  (PN-QFT)

3. Integrate residual 3-dim feynman intgral 
(PN)

C.Cheung et al. 2019

4. Resummation (PM)

Or IBP+ODE/ Mellin Barnes



PM-EFT

Porto, Zhengwen Liu et. 2020

Saddle Point

Only connected tree level diagrams, no graviton quantum loop

No ghost, No (Scaleless integral)



Equation of Motion

Particle 1Effective Lagrangian
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Damour 2018
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Example



Bremsstrahlung（NLO Tidal effect）

Decoupling theorem

Encode heavy degree of freedom



Point Vertex

Tidal Vertex

�eff
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IR divergenceIR finite

Porto et al. 2021



No internal graviton loop!

×

M. Maria Riva et al. 2022



Reverse Unitarity

Then we meet 3-loop feynman integral



Feynman Integral Calculation

• IBP

• ODE

• Epsilon-form ODE (static boundary condition)

• Cutosky Rule



IBP

Define denominator basis

Master Integral (MI)



ODE

� = �1 ⋅ �2 � = � − �2 − 1



Epsilon-form ODE



Calculate MI (No Cut)

Schwinger parameterization

Exp part �5 ∼ �7 � =



In static limit (ODE boundary �1 ⋅ �2 →−1)

�



Conjugate Relation

�

Exp part �1 ∼ �4

Introduce scale �
With Ordinary scale behavior �� ∼ �(�0), � → 0



• We found cycle sum

With 

Use symmetry, finally



• In fact we need extra contribution at �� → ∞
• With nontrivial singular scale behavior

Finally



Calculate MI (With Cut)
Cutosky Rule is simple, but …



• Baikov rep. is not available



Solve ODE





Result



Summary

• We introduce the GW EFT based method 

• We calculate the Integral with no cut at 3-loop about GW radiation 
NNLO correction

• The cut integral is so difficult, we try some naive method but result 
is not UT.

• More efficient cuts calculation method need to be studied.



Thanks !


