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PHYSICS IN CURVED SPACETIMES

Dark Energy
Dark Matter

Ordinary Matter Λ > 0



We usually work at small 

curvature / weak gravity

Large curvature / strong 
gravity is much harder!

Perturbation theory & EFT

Scattering amplitude methods

Perturbation theory & EFT

No S-matrix → correlators



Gauge theories

Is there a better 

description?

Gravity

LESSONS FROM FLAT SPACE



ON-SHELL + SPINOR-HELICITY

On-shell helicity amplitudes

Use different 

representations of 

the Lorentz group
Massless 𝑝2 = 0



kinematics × kinematics color × kinematics color × kinematics

color algebra kinematic algebra

color − kinematics duality

~



Amplitudes

Breakdown of gravity 
EFT (divergences in 

loops)

Precision calculations 
for gravitational waves

Curved 
space 

correlators
Breakdown of gravity 
EFT (divergences in 

loops)

Precision calculations 
of cosmological 

correlators

Exact 
solutions and 

eom
New gravitational 

solutions

On-shell symmetries 
of the theory

Lagrangian 
and action

Simplified Feynman 
rules

Off-shell symmetries 
of the theory

WHAT CAN WE LEARN FROM THE DOUBLE COPY?



Double copy in different spaces

Coordinate 
space: 

classical 
solutions + 

eom

Twistor 
space

Momentum 
space: 

Amplitudes

Inverse Fourier transform

Penrose transform

Half- Inverse 

Fourier 

transform
(Witten)

ASD Weyl

ASD field 

strength



DOUBLE COPY IN TWISTOR SPACE

(C.D.White; Armstrong-

Williams, Chacón, Luna, 

Nagy; Emond, Moynihan, 

Rumbutis, MCG,…)

Penrose transform

Double copy for Čech cohomology class 

representatives 

Provides proof of  Weyl double copy.

Exact for Kerr-Schild spacetimes

Curvature spinors for 

linearized YM, GR 

(vacuum),.., classical 

solutions

Conformally invariant equations

Scalar is conformally coupled

Hold for (A)dS straightforwardly



𝐴𝑑𝑆3 twistor classical 

double copy



Embedding Space

Poincare coordinates

D dim.

D+1 dim.

D+2 dim.

Linear Lorentz

Non-linear Conformal



3d-mini-twistor space

Geodesics in 3d hyperbolic space

Incidence relation

Bulk point in 4d 

embedding space

Boundary 

points

Isometries of 

geodesics

Isometries of 

geodesics

Hitchin;  Jones, Tod



Isometries of geodesics

Isomorphism:

 Penrose 

transform

Cech cohomology class rep.

Linearized eom of massive spin s fields in 𝐻3



ADS3 MINI-TWISTOR SPACE DOUBLE COPY

In flat space

(Beetar, MCG, Jaitly, Keseman)

DOUBLE COPY FOR:

• Waves / Bulk-to-

boundary 

correlators*

• Warped black holes

• CFT dual currents

* Can arise as dim. reduction: (Bu, Seet)

See also (Roehrig, Skinner)

(Emond, 

Moynihan, 

Rumbutis, 

MCG, White)

In AdS3



“TOPOLOGICALLY” MASSIVE THEORIES

Parity breaking

one d.o.f.TMYM
2

TMG



WARPED BLACK HOLES

Warped AdS
3 Quotient by 

isometry Warped Black Holes

Squashing 

parameter

(Beetar, MCG, Jaitly, Keseman)

(Aninos, Li, Padi, Song, 

Strominger)Mini-twistor space:

Killing vector of  WAdS

Double CopyShowed that it can be written as Kerr-Schild

Hence, it is an exact double copy



AdS sub 3

AdS3 
double copy

Momentum 
space ?

Mini-
twistor 
space

Coordinate 
space

Special solutions

On-shell solutions

Exact

in some cases

Perturbative



Twistor double copy for

boundary correlators in 

𝐴 𝑑𝑆4/CFT3 &

𝐴 𝑑𝑆5 /CFT4



Embedding Space Correlators

Building blocks Scalings

Costa, Penedones, Poland, Rychkov

Conservation



Three-Point Embedding Space Correlators

for Conserved Currents



(𝑨)𝑫𝑺𝟒  TWISTORS

Choice of infinity twistor:

𝐼𝑀𝑁 = Ω𝑀𝑁

Breaks conformal sym. 

down to AdS isometries

Boundary limit
Complexification 

of variables used in 

(Baumann, Mathys, 

Pimentel, Rost)

5d massless spinor-helicity 

5d embedding space

massive spinor-helicity 

SO(5) ~ SP(4)SL(4)

Binder, Freedman, Pufu



(𝑨)𝑫𝑺𝟒  PENROSE TRANSFORM

Self-dual and anti-self-dual fields

Boundary limit gives conserved currents



3-POINT BOUNDARY CORRELATORS

Complexification of results in (Baumann, 

Mathys, Pimentel, Rost)

𝐹3,  𝑊3

YM,  GR

Double 

copy

(MCG, Keseman)

++ +

+− −

Twistor building blocks: cleanly track 
symmetries and their breaking



3-POINT CORRELATORS: WARD IDENTITIES

The YM, GR correlators satisfy the 

inhomogeneous Ward Identity

In twistor space

Only satisfied for complexified reps.

(MCG, Keseman)



CFT4 AMBITWISTOR CORRELATORS
(MCG, Keseman)

3pt boundary correlator of 

conserved currents

(Baston, Mason)

Double 

copy

2pt see also 

(Adamo, Skinner, 

Williams)



TWO-TWISTOR REPRESENTATION
(MCG, Keseman)

3pt scalar correlator

Work in split signature and

Fourier transform the dual twistor



CONCLUSIONS

❖Penrose transform --> curvature 
tensors of classical solutions

❖Nested Penrose transforms --> 
correlators

❖Double copy arises naturally

Future directions: n-point, higher 

dim., expansion around self-dual 

sector, defect cfts, connection to 

classical solutions

Twistor space (A)dS

Classical solutions and

boundary correlators (2-, 3-pt)

Happy 95th birthday!
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