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PHYSICS IN CURVED SPACETIMES
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We usually work at small
curvature / weak gravity

Perturbation theory & EFT

Scattering amplitude methods

WZW

Large curvature / strong
gravity is much harder!

Perturbation theory & EFT

No S-matrix = correlators

380 000 years



LESSONS FROM FLAT SPACE

Gauge theories
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ON-SHELL + SPINOR-HELICITY

Use different
representations of Pt — Doa = p,uﬂ }* )‘- ‘p> <p‘
the Lorentz group

SO(1,3) = SL(2)c/Zs

Massless p?2=0

On-shell helicity amplitudes

:: - 3
; AYH[I—Q—S—F] — gfui[.ur; {2;1}2{)31}
) i ko (12)°

W‘H{i M =g {23‘32 {}31%'




Double Copy

e M
0%
- %

kinematics X kinematics color X kinematics color X kinematics

color — kinematics duality

color algebra ~~ kinematic algebra



WHAT CAN WE LEARN FROMTHE DOUBLE COPY?

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




Double copy in different spaces /.

112

Momentum
o, Space:

Amplitudes
MDC =AYM ®S®AYM

Half- Inverse
L ~ Fourier
p" — AaAa transform
(Witten)
WD) ~

A\, p) = )P eths A% A\, )

Inverse Fourier transform

Twistor
space

Coordinate |
ASD field
space: strength
classical /
lutions + f(apfr6)
solutions Waﬁfyd _
eom \ ®
ASD Weyl
Penrose transform
ZA — (/”Jda )\a)
< > X’
X
— 7




DOUBLE COPY IN TWISTOR SPACE

(C.D.White; Armstrong-

Penrose transform Cu.rvatu.re spinors for Williams, Chacén, Luna,
linearized YM, GR Nagy; Emond, Moynihan,
(vacuum),.., classical Rumbutis, MCG,...)
solutions

Double copy for Cech cohomology class
representatives

Provides proof of Weyl double copy.

Exact for Kerr-Schild spacetimes




AdS; twistor classical
double copy



Embedding Space D+2dim.

Linear Lorentz

X+

SO(d+1.1 .

\ ( 1) , X?=-1 Poincare coordinates
\ r
‘ i1 1= =2 14847
= x, 5 ; 9
—7 D+| dim.
Pl = lim zX! = (f L- & Hf?)
z—0 ’ 2 j 2 :
D dim.

Non-linear Conformal



3d-mini-twistor space

Geodesics in 3d hyperbolic space

Bulk point in 4d Boundary
embegdin; space o points \ MT
T~ T A EATAT = (SL(2,C)) x SL(2,C))/(Q x QT)
o J L. I
()\ﬂ”” ) |(T )\Dﬂ? e ) < > ()\a,u,d) = (Cpl X (CPI Isometries of
‘ ‘ geodesics
Isometries of ll’a o xOﬂCEAa ’ "

geodesics ; 0

Incidence relation

Hitchin; Jones, Tod



HY U, O(-s—1—m|-s—1+m))

Cech cohomology class rep. Isometries of geodesics

Isomorphism:
Penrose
transform

Linearized eom of massive spin s fields in Hj



ADS3 MINI-TWISTOR SPACE DOUBLE COPY

(Beetar, MCG, Jaitly, Keseman)

In flat space .

(Emond, _ fSZl,meZI,m

Moynihan, 8:27m o fr
Rumbutis, SZO,‘TI’L
MCG, White)

InAdS;  s0(2,2) ~ si(2,R) @ sl(2,R)
AL =h+ h=1+m

fSIl,mqb—I—l fszl,m¢,+1

fs=2,m¢—|—2 —
fs=0,m¢

DOUBLE COPY FOR:

* Waves / Bulk-to-
boundary
correlators™

* Warped black holes
e CFT dual currents

* Can arise as dim. reduction: (Bu, Seet)
See also (Roehrig, Skinner)




“TOPOLOGICALLY” MASSIVE THEORIES

Parity breaking

TMYMZ=TM@ one d.of.

1
Sewon =ty [ (Enerem (anaas2anana))

1

2K

2
StmMg = —— (*R—I—m(r/\dr—l—gf‘/\F/\F))



WARPED BLACK HOLES

(Beetar, MCG, Jaitly, Keseman)

Warped AdS, SL(2,R) x U(1) Quotient b
’ Y
sometry T Warped Black Holes
—dt? + dx? dt\ 2
2 _ 2 2 at
ds® = (Lads,) l =2 —I—/\'\(dz—l— :1:) ] —
Squashing
parameter (Aninos, Li, Padi, Song,
Mini-twistor space: Strominger)

Double Copy
f' VA = fs=1,a=3fs=1,a=3
s=2,A=4 — >
fs=O,A=2




Perturbative

Momentum
space !
AdS.
double copy On-shell solutions
Exact
Special solutions - M i
P Coordinate In some cases

twistor

space
space




Twistor double copy for
boundary correlators in
(A)dS,/CFT; &
(A)dSs /CFT,



Embedding Space Correlators

Costa, Penedones, Poland, Rychkov

Building blocks Scalings
Hi; = =2((Wi - Wy)(F; - By) — (Wi - Py)(W; - B)) Oi(riPF, W} = r7 8¢ 0:(PL, W)
o _ (Wi P)(Pe- P) — (Wi Po)(P; - P)
Vi = Vz,jk — F:? . Pk
Conservation

5 o\ o 1 52
W((h_1+w'aw)aWM__WM )< =0



Three-Point Embedding Space Correlators
for Conserved Currents

ViHos + VoHzy + VaHio + V1 Vo V3

(j{bl jgzj‘ga) x fa.la.2(1,3

(P12 Pa3Psy)3/2 ’
(1 T2T5) o (6Vy' Hys + 16V2V3 Ha1 Hip + 4Ho3 Vi VoV — 3VPVEVY) + cyclic
(P12 P23 Ps1)5/2
Ororor = (P12P23P31 7/2 Czy; H12H13H23V3 - % HiaVy' = 112 Hip HisVaVy
1 5 1 5 3, 1 212 1 21,21/3
13 HZyHys V1 V3 + 36 Hi,ViVa Vs + 1 HyioHy3VA V5 Vs — Y HypVi'Va'Vs

— HioH13Ho3V1 Vo V3 + %Vl Va Vs



(A)DS, TWISTORS

SL(4)

A)dS ¢ "4
A

/\

Choice of infinity twistor:

Iyn = Qun
Breaks conformal sym.
down to AdS isometries

Wa = /26M

Boundary limit AY =

— \/EéfJTMQAH = (Amﬂd)

Binder, Freedman, Pufu

5d embedding space ¥2 _ 1

massive spinor-helicity  yuw _ paapne 4 i

SO(5) ~ SP(4)

Iuét — (Idd)du}aﬂ

Tﬂj\& _ (ﬁﬂij _/\{r) ﬁﬂc — (ﬁdd)&uid

5d massless spinor-helicity

pYN = AN
/ Complexification

lim ZA{SA — W“AM of variables used in
z—0 (Baumann, Mathys,
Pimentel, Rost)



(A)DS, PENROSE TRANSFORM

Self-dual and anti-self-dual fields H'(PT, O(-2s — 2))
valdl gbal---OKZs — 0 (lb;l...&gs — % DA At'-1’-1 '“Aﬂfﬁs f_ ()\1 /J‘) |X
valdl gbdl...dgs — 0 éjiz_l...dgs — DX Xdfl”'XC.\QSJEH_(x? ﬁ)lX

Boundary limit gives conserved currents
Valazjmaz...ags =0 Jal---ﬂrzs — %Dﬂ_ May - Magg fJ(A)

Oz’(?“z'P,;‘r, q?;WZ-I) = r;AqfOi(Pz-I, Wg) PMN — A\NapM A.=s+1



3-POINT BOUNDARY CORRELATORS

(MCG, Keseman)

M _ 1 AcM _ _apzM

| Fi Ps Ps
=, (OTOSO@ — (Al _ A2)1+5(A2 _ A3)1+S(A3 . A1)1+5
YM, GR s
X
\S1 )S )S Az - A S_lA - A s—1
(07:0505) = (B2 2l L tog(Aa - Ag) log(Aa- A1)
. . Twistor building blocks: cleanly track
Double J‘c" ” = fs=1f=1 symmetries and their breaking
5= - X
copy fs=0

Complexification of results in (Baumann,
Mathys, Pimentel, Rost)



3-POINT CORRELATORS: WARD IDENTITIES

(MCG, Keseman)

TheYM, GR correlators satisfy the
inhomogeneous Ward ldentity

e

VE (J1daJE) o< 8% (x5 — x1) ((6J1)J2) + 6° (x5 — 22) (J1(8J2))

In twistor space

6 8 N31 AS S 51 s
]<A3d)\3>/dsggﬁﬂ3 8u (Ol 0203>(A1,A2,A3) — f( Oz>(A1,A2)

Only satisfied for complexified reps.



CFT4 AMBITWISTOR CORRELATORS

(MCG, Keseman)

2pt see also

Ad=4 = {(ZA, W,) c CPg X (CIP?’ ‘ Z-W = 0} (Adamo, Skinner,
(Baston, Mason) Williams)
H2(A, O(—s — 2,5 — 2))
ot ) 3pt boundary correlator of 543
F(rZ,fW) = r—*"2F5"2¢(Z2 W) conserved currents A=2t
i £, = log(t12) log(tes) log(ts1)
) 7 (t13t3otar)st2 b= 7 W,

%3 (2) = f DA D (EN o] £(Z,W) 5
CPl xCP!

4

8580

Double fs:Q _ fs=1f=1

b

copy Jfs=0

=0

Basz...as,Ba2...a5




TWO-TWISTOR REPRESENTATION

(MCG, Keseman)

Ay = {(ZA,W,) c CP® x CP® ‘ Z-W = 0}
Fourier transform the dual twistor

Work in split signature and J‘é‘(Y) _ / d4WeiY'Wf(W)

3pt scalar correlator N\z,d_ o
f3(Zi, Yi) = 6) (Y15 Z3, Z2)8%) o (Ya; Z1, Z3)0%) o (Y3; Za, Z1).

~ ds dt
;(),23(21; 2y, 23) = / sl+p ¢1+q §4(Z1 — sZy — tZ3)




" birthday!
Rappy 95™ birthday
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