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Gravity as the square of 
gauge theory

Credit: Carrasco
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Amplitudes



In the LHC, they perform experiments which test 
the standard model, the gauge theory that 
describes the fundamental building blocks of our 
universe, and their interactions (excluding gravity)  

To describe the interaction between particles 
in an accelerator, it is necessary to know the 
differential cross section, whose principal 
ingredient is the Scattering Amplitude





How can we compute scattering amplitudes? 

1. Deduce Feynman rules from Lagrangian. 

2. Draw all relevant diagrams. 

3. Assign value following rules and sum.



Example: 4-gluon Amplitude 



Example: 5-gluon Amplitude 

and 21 other diagrams…



 …around 100 pages of computations…

The result fits in 5 pages



Takeaway: 
Amplitudes are often simpler than expected 
(when expectations are based on Feynman diagrams)



M o d e r n A m p l i t u d e s 
Program: Avoid Lagrangians 
( F e y n m a n d i a g r a m s ) . 
I n s t e a d u s e ( r e c y c l e ) 
amplitudes as building blocks

Recursion relations: 
Build trees out of trees.  
Britto, Cachazo, Feng, 
Witten (BCFW) 2005



M o d e r n A m p l i t u d e s 
Program: Avoid Lagrangians 
( F e y n m a n d i a g r a m s ) . 
I n s t e a d u s e ( r e c y c l e ) 
amplitudes as building blocks

Unitarity method: 
Build loops out of trees.  
Bern, Dixon, Kosower.





Cool! But nothing we  couldn’t achieve 
with infinite time (and infinite RAM, 
and infinite students, etc.)…



Structures



They look nothing like each other!

Let’s compare Yang-Mills and Einstein-Hilbert



Take a closer look at Einstein-Hilbert’s 3-graviton vertex



Take a closer look at Einstein-Hilbert’s 3-graviton vertex

There are 171 total terms

For a 4-point amplitude…

The 4-vertex has 2850 terms

https://www.youtube.com/watch?v=oD14by0a-Nc


Takeaway: On-shell good (Off-shell bad)



On-shell good (Off-shell bad)

Color = Kinematics

Gravity = Gauge ^ 2



Consider a gauge theory amplitude…

Color = Kinematics

It satisfies an algebraic relation



Gravity = Gauge ^ 2

The BCJ double copy

Bern, Carrasco and 
Johansson ‘08

Credit: Carrasco





Credit: Bern



The double copy works at loop level…

…rendering possible otherwise impossible calculations

Credit: Bern Credit: Bern



Webs



The double copy extends throughout a web of theories…



… an intricate web of theories…



…including classical solutions…



What about  
black holes?



Exact solutions. Nice! But mostly static…



Can we apply Amplitudes/Double copy methods to 
the field of gravitational waves?



Can we apply Amplitudes/Double copy methods to 
the field of gravitational waves?

The natural candidate is the inspiral phase,  
where perturbation theory is applied

Inspiral Merger Ringdown





The two-body problem
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1PN: Einstein, Infeld, Hoffmann ‘38

m = mA + mB, ν = μ/M μ = mAmB /m



Post-Newtonian approximation 
Using ADM Hamiltonian, EFT (NRGR) and Self-force 
0PN: Newton 1666 
1PN: Einstein, Infeld, Hoffmann ’38 
2PN: Ohta et. al. ’73 
3PN: Damour, Jaranowski, Schaefer, Blanchet, Faye ca. ’97 
4PN: Bini, Damour, Jaranowski, Schaefer, Blanchet, Faye, Marchand, Foffa, Sturani, 
Mastrolia, Sturm, Porto, Rothstein… ca. ‘13 
5PN*: Bini, Damour, Geralico, Foffa, Mastrolia, Sturani, Bobadilla ca. ‘19



Post-Minkowskian approximation 

Bertotti, Kerr, Plebanski, Portilla, Westpfahl, Goller, Bel, Damour, Deruelle, Ibanez, 
Martin, Ledvinka, Schaefer, Bicak…



An invitation by Damour…



Iwasaki knew it 50 years ago…

Classical physics from Quantum field theory?

Trees AND loops?



Scattering is not inspiral…

…but one may use the potential to describe both.

Amplitude is not potential…

… but one may use an Effective Field Theory to extract it



Damour asked for 3PM



Use unitarity, spinor helicity and double copy to get Amplitude

Use EFT to extract potential



T h e n e x t g e n e r a t i o n o f 
gravitational wave experiments 
( L I S A ) w i l l r e q u i r e h i g h 
precision in analytic results.

We aim to contribute, and are working on refining our 
techniques and apply them to different relevant problems

The future is bright and exciting!



Advertisement 1: 
The Mexican (double copy) diaspora

Mariana Carrillo-Gonzalez

Erick Chacón Leonardo de la Cruz

Andres Luna 
(from 01/10)



Advertisement 2:

Mariana Carrillo-Gonzalez



Summary
= * ~



Thank you!

Questions?


