Gravity as a double copy of gauge theory J

Ricardo Monteiro

Queen Mary University of London

NBI mini workshop: What is new in gravity?
Marienlyst, 11 August 2022

Ricardo Monteiro (Queen Mary) Gravity as a double copy of gauge theory 1/25



Outline

Introduction to the double copy
From scattering amplitudes to classical solutions
Celestial chiral algebras

Superstring amplitudes

Ricardo Monteiro (Queen Mary) Gravity as a double copy of gauge theory 2/25



Introduction to the double copy
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Perturbative gravity is hard!

Feynman rules: expand Einstein-Hilbert Lagrangian g, = 1., + A, Dewit ss]
S
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— Pu(popaen™n)— Pra(pop n 0 ™) — Pas(pop’on™n"sn’™) — P1a(p#p"n o0 n™)
+Ps(p-p'n o ) — Pra(popon*n™n™) — §Pra(p- p'non ™ 7 n™) — Pra(popPn™n*n™)
= Po(pep" n M nton’ ") — Paa(pp'onmn” ) — Pra(pop'en M=)+ 2Po(p- p'n'on™on ™) .

+ infinite number of higher-point vertices. ..

&
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Gravity ~ (Yang-Mills)2 in Scattering Amplitudes

Asymptotic states

@ Yang-Mills theory: gluon A, = e**¢, T2
colour index a, polarisation ¢, has D — 2 dof.
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Gravity ~ (Yang-Mills)2 in Scattering Amplitudes

Asymptotic states

@ Yang-Mills theory: gluon A, = e**¢, T2
colour index a, polarisation ¢, has D — 2 dof.

@ ‘Product gravity': state e**¢,, ,with |c,, =¢, & | orlinear comb.

Contains graviton h,,, + dilaton ¢ + B-field B,,, (D — 2)? dof.
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Gravity ~ (Yang-Mills)2 in Scattering Amplitudes

Asymptotic states

@ Yang-Mills theory: gluon A, = e**¢, T2
colour index a, polarisation ¢, has D — 2 dof.

@ ‘Product gravity': state e**¢,, ,with |c,, =¢, & | orlinear comb.

Contains graviton h,,, + dilaton ¢ + B-field B,,, (D — 2)? dof.

Scattering amplitudes

@ “Factorisation” of e/, € preserved by interactions!

@ Double copy | Agay(z/") ~ (prop) ™ Avm(€/) % Am(E") | soiour sipped

@ First application: Supergravity UV behaviour. [Bern, Carrasco, Johansson, Roiban, ...]
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String theory origin

QFT from string theory as o/ = 2 — 0 : alternative to Feynman expansion.

Ricardo Monteiro (Queen Mary) Gravity as a double copy of gauge theory 6/25



String theory origin
QFT from string theory as o/ = 2 — 0 : alternative to Feynman expansion.

Xy 9= @)

particle scattering string scattering
(many Feynman diagrams) (one world-sheet, 2D CFT)
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String theory origin

QFT from string theory as o/ = 2 — 0 : alternative to Feynman expansion.

Koy =6

particle scattering string scattering
(many Feynman diagrams) (one world-sheet, 2D CFT)

Gravity (closed strings) vs. gauge theory (open strings):

Asymptotic states (vertex operators): Vgosed(¢"” = €"€”) ~ Vopen(€") Vopen(&”)

Scattering amplitudes: @
KLT relatlons ‘ @
[Kawai, Lewellen, Tye 86]

Field theory limit: Gravity ~ (Yang-Mills)? (KLT, BCJ, CHY, ...)

[Bern, Carrasco, Johansson 08] [Cachazo, He, Yuan 13] [...]
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Why simpler?

Basic example: 3-pt interactions.

SRS

Gauge theory field A%

3-pt vertex:

fave vivr A2 (py) AD(pz) AS (ps)

VI = (1 = p2) 0 + (P2 = Pa)n”* + (Ps — p1)"m ™

Gravity field H,,

3-pt vertex:

+ ~ graviton + dilaton + B-field ‘fat graviton’

VSRV Hyuy (P1) Hywr (P2) Haxr(Ps)
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Why simpler?

Basic example: 3-pt interactions.

SRS

Gauge theory field A%

3-pt vertex:

fave vivr A2 (py) AD(pz) AS (ps)

VI = (1 = p2) 0 + (P2 = Pa)n”* + (Ps — p1)"m ™

Gravity field H,,, ~ graviton + dilaton + B-field ‘fat graviton’

3-pt vertex:

VA VEYX Hy (Pr) How (P2) Hax (Ps)

Simplification: left-right factorisation, c.f. ~100 terms in GR 3-pt vertex!

Powerful implementation: colour-kinematics duality. [Bern, Carrasco, Johansson ‘08] [...]
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New directions in (classical) perturbative gravity

Generically, double copy applies in perturbation theory.

e Double-copy-like field theory for gravity.

[Bern et al] [Goldberger et al] [Luna et al] [Cheung et al] [Plefka et al] [Borsten et al] [...]

e Gauge-invariant approach: classical physics from scattering amplitudes.

[Neill et al] [Bjerrum-Bohr et al] [Kosower et al] [Di Vecchia et al] [Guevara et al] [Huang et al] [Arkani-Hamed et al] [...]

e Beyond Minkowski: “amplitudes” on plane waves / (A)dS.

[Farrow et al] [Adamo et al] [Armstrong et al] [Alday et al] [Gomez etal] [...]

e Highlight: new G®, G* (3PM, 4PM) corrections to 2-body potential.

[Bern et al]
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From scattering amplitudes to classical solutions

From scattering amplitudes to classical solutions J
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From scattering amplitudes to classical solutions

3-point scattering amplitudes
On-shell 3-pt interaction: massive particle emits gauge boson.

p—q

2

p* =(p—q)?=nr

Q
™
Il
o

p

3-pt amplitudes are the building blocks of modern on-shell methods.
E.g. BCFW recursion.
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On-shell 3-pt interaction: massive particle emits gauge boson.

p—q

2

p* =(p—q)?=nr

Q
™
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3-pt amplitudes are the building blocks of modern on-shell methods.
E.g. BCFW recursion.

Lorentzian signature: 3-pt amplitudes supported on complex kinematics.

Split signature (', 12, x', x?): 3-pt amplitudes supported on real kinematics,
eg, p, =m(0,1,0,0), g, = hw(1,0,0,1).
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3-point scattering amplitudes

On-shell 3-pt interaction: massive particle emits gauge boson.

p—q

p

3-pt amplitudes are the building blocks of modern on-shell methods.
E.g. BCFW recursion.

Lorentzian signature: 3-pt amplitudes supported on complex kinematics.

Split signature (', 12, x', x?): 3-pt amplitudes supported on real kinematics,
eg, p, =m(0,1,0,0), g, = hw(1,0,0,1).

Classical limit: q. = hkﬂ, h — 0. KMOC formalism [Kosower, Maybe, O’Connell 18]
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From scattering amplitudes to classical solutions

Classical fields from 3'pt amplitUdeS [RM, O'Connell, Peinador, Sergola 20]

What classical objects do 3-pt amplitudes compute?

= Linearised curvature (gravity) and field strength (EM) in split signature.
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Classical fields from 3'pt amplitUdeS [RM, O'Connell, Peinador, Sergola 20]

What classical objects do 3-pt amplitudes compute?

= Linearised curvature (gravity) and field strength (EM) in split signature.
KMOC formalism: (O) = n(STOS);, S=1+iT [eg. O=F,(X)]

caloulaion 1 (%) )jassical = RE / d*k e X 5(k?)o(p- k) O(k)
N——"
o 3-pt amp

Linearised field is on-shell Fourier transform of amplitude.
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Classical fields from 3'pt amplitUdeS [RM, O'Connell, Peinador, Sergola 20]

What classical objects do 3-pt amplitudes compute?

= Linearised curvature (gravity) and field strength (EM) in split signature.
KMOC formalism: (O) = n(STOS);, S=1+iT [eg.0=F,(x)]

caloulaion 1 (%) )jassical = RE / d*k e * X 5(k*)o(p - k) O(k)
N——"
o 3-pt amp

Linearised field is on-shell Fourier transform of amplitude.

EM example: for static particle coupled via A;EM(k) = Qp-c*(k), we get
<FW,(X) >c|assica| = Re/d4k e_iKAX (5(/(2) (Y(p' k) Z k[ueg] Ag,EM
n==+
—  Coulomb solution! (analytically continued to split signature)
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From scattering amplitudes to classical solutions

Spinorial curvatures from amplitudes

EM: FHV — FAABB = faB exg Tt fAB EcD
(1,3) signature: fag and ?AB are complex conjugates.
(2,2) signature: fag and ?A'B are real and independent.
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From scattering amplitudes to classical solutions

Spinorial curvatures from amplitudes

EM: FHV — FAABB = faB exg Tt fAB EcD
(1,3) signature: fag and ?AB are complex conjugates.
(2,2) signature: fag and ?A'B are real and independent.

Vacuum gravity:

Ruvor v Raagsccpp = Casep €ascop + Capep €AB €cp
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From scattering amplitudes to classical solutions

Spinorial curvatures from amplitudes

EM: FHV — FAABB = faB exg Tt ?A'B EcD
(1,3) signature: fag and ?AB are complex conjugates.
(2,2) signature: fag and ?A'B are real and independent.

Vacuum gravity:

Ruvor v Raagsccpp = Casep €ascop + Capep €AB €cp

From 3-pt amplitudes, using k% = 0 : k" |k), [k|, , static particle gives

Cascp | >A|k>5‘k>c|k>o ./43 grav(k) Schwarzschild
fas ‘k>A‘k>B Ag,EM( ) Coulomb
S A;_,scalar(k) 1/[’
A;;Escalar (AS EM) “ASiEM (‘AS EM) ‘Asigrav - (AS EM)
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From scattering amplitudes to classical solutions

Double copy: from amplitudes to classical solutions

Amplitudes
double copy
1 2
Ai _ Aj:
Sarav A(S‘.scalar ( 33EM>
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From scattering amplitudes to classical solutions

Double copy: from amplitudes to classical solutions

Amplitudes Classical solutions
double copy double copy
1 2 Schwarzschild ~ (Coulomb)?
Aisi,grav - T A;EM) ( )
3,scalar

more precisely

Schwarzschild = Minkowski + (Coulomb)?
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Double copy: from amplitudes to classical solutions

Amplitudes Classical solutions
double copy double copy
1 2 Schwarzschild ~ (Coulomb)?
“43 grav - .A ‘AS El\/l) ( )
3,scalar .
more precisely
Schwarzschild = Minkowski + (Coulomb)?

More general 3-pt amplitudes (rotation a, duality 6): [Arkani-Hamed, O’Connell, Huang,]

[Kol, Emond, Moynihan 19-21]
EM (YM): AS ey(k) @Fkasio  — frp(x) = e/ fopulomb(x — jg)

Gravity: Ay g (K) @7K3E0  — Cagep(x) = € CRE"(x — ia)

[RM, Nagy, O’Connell, Peinador, Sergola 21]
[see also Crawley, Guevara, Miller, Strominger 21]
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From scattering amplitudes to classical solutions

Double copy: from amplitudes to classical solutions

Amplitudes Classical solutions
double copy double copy
1 2 Schwarzschild ~ (Coulomb)?
ACZS‘:,grav = .Ai A;EM) ( )
3,scalar .
more precisely

Schwarzschild = Minkowski + (Coulomb)?
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From scattering amplitudes to classical solutions

Double copy: from amplitudes to classical solutions

Amplitudes Classical solutions
double copy double copy
1 2 Schwarzschild ~ (Coulomb)?
ACZS‘:,grav = .Ai A;EM) ( )
3,scalar .
more precisely

Schwarzschild = Minkowski + (Coulomb)?

Direct double copy for classical solutions in position space?

—1
Cagcp = fiag ¥ S™7 * fep)
cf. convolutional double COPY. [Anastasiou, Borsten, Duff, Hughes, Nagy 14]
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From scattering amplitudes to classical solutions

Double copy: from amplitudes to classical solutions

Amplitudes Classical solutions
double copy double copy
1 2 Schwarzschild ~ (Coulomb)?
ACZS‘:,grav = oF A;EM) ( )
3 scalar more precisely

n

Schwarzschild = Minkowski + (Coulomb)

Direct double copy for classical solutions in position space?

—1
Cagcp = fiag ¥ S™7 * fep)
cf. convolutional double COPY. [Anastasiou, Borsten, Duff, Hughes, Nagy 14]

Simpler map in position space? Beyond linearised?

Yes! (certain algebraically special spacetimes)
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From scattering amplitudes to classical solutions

Exact classical double copy
Kerr-Schild double copy

[RM, O’Connell, White 14 + Luna 15; ...]

for stationary multi-Kerr-Schild vacuum spacetimes (Kerr-Taub-NUT):

gauge theory: scalar:
- NN

- - (K

gravity: ’ 9w = N + O K.k,
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From scattering amplitudes to classical solutions

Exact classical double copy
Kerr-Schild double copy

[RM, O’Connell, White 14 + Luna 15; ...]

for stationary multi-Kerr-Schild vacuum spacetimes (Kerr-Taub-NUT):

gauge theory: scalar:

% ﬁ < i/ )2 E.g. Schwarzschild: ¢oc —, k=dt +adr.
]’\

Kerr-Schild linearisation <+ Abelianisation.

gravity: ’gw = N
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From scattering amplitudes to classical solutions

Exact classical double copy

Kerr-Schild double copy  [rm, o'Connell, White 14 + Luna 15; ....]

for stationary multi-Kerr-Schild vacuum spacetimes (Kerr-Taub-NUT):

gauge theory: scalar:
_ ﬁ . li.é 2 E.g. Schwarzschild: ¢ « Y k—dt +or.
) ( /1\) ’

Kerr-Schild linearisation <+ Abelianisation.

gravity: ’ 9w = N + O K.k,

Weyl double COPY  [Luna, RM, Nicholson, O’Connell 18; Godazgar, Godazgar, RM, Peinador, Pope 20; ...]

for 4D spacetimes of algebraic type D and (non-twisting) type N:

.
CaBcp = S fias fep)

Unconvoluted! [rwv, Nagy, 0'Connell, Peinador, Sergola 20]
Twistorial interpretation. white 20 + Ghacon, Nagy 21; Guevara 21]
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From scattering amplitudes to classical solutions

Beyond vacuum solutions

(YM)? ~ Einstein g, + dilaton ¢ + B-field B,,,

e.g.in4D, eitel® = {elel, ener, €le,) s e -
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From scattering amplitudes to classical solutions

Beyond vacuum solutions

(YM)? ~ Einstein g, + dilaton ¢ + B-field B,,,

e.g.in4D, eite) — {eles, eue, s ge,), gle, b
Exact map
Double field theory Kerr-Schild-type ansatz. ee 18 +cho 19; Kim,Lee,RMNicholson, Peinador 19]
= Exact classical double copy with dilaton and B-field,
e.g. (Coulomb)? ~ JNW (graviton + dilaton) panis, Newman, Winicour ‘s8] .
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Beyond vacuum solutions

(YM)? ~ Einstein g, + dilaton ¢ + B-field B,,,

e.g.in4D, eite) — {eles, eue, s ge,), gle, b
Exact map
Double field theory Kerr-Schild-type ansatz. ee 18 +cho 19; Kim,Lee,RMNicholson, Peinador 19]
= Exact classical double copy with dilaton and B-field,
e.g. (Coulomb)? ~ JNW (graviton + dilaton) panis, Newman, Winicour ‘s8] .

Linearised map
Amplitudes: em(—k-a+io) Al x @na(=k-antios) A1r

Coulomb Coulomb
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Beyond vacuum solutions

(YM)?2 ~ Einstein g, + dilaton ¢ + B-field B

e.g.in4D, eite) — {eles, eue, s ge,), gle, b
Exact map
Double field theory Kerr-Schild-type ansatz. ee 18 +cho 19; Kim,Lee,RMNicholson, Peinador 19]
= Exact classical double copy with dilaton and B-field,
e.g. (Coulomb)? ~ JNW (graviton + dilaton) panis, Newman, Winicour ‘s8] .

Linearised map

i . k-a,+i6,)
Amplitudes: en(—katil) i - x glr R omb
Riemann-Cartan curvature: [rm, Nagy, 0'Connell, Peinador, Sergola 21]

( kaR+IQRA

Raasscepd = Caseo €xp €ep + Casop €A €co + P agep €as €co + Pagep €a €cp
(n.mR) = (+,+)  Cason(x) = € 7% Cagtp (x — i(aL + ar))
j(0, —0 JNW
(ne,mR) = (+,-) <1>ABCD(X) =g q)ABCD(X i(aL— aﬂ))
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Chiral algebras in celestial holography

Chiral algebras in celestial holography J
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Chiral algebras in celestial holography

Prologue: self-dual theories and double copy

Self-dual Yang-Mills («F = iF ) & gravity: simplest double copy setting.
Light-cone gauge: ds? = —duadv + dwdw
Ssom(V, W) = [ d*x tr( (O + i[9,V aww]))
Ssoa(9,9) = [d*x ¢(0p + {0up0ws})  {f,g} = Ouf Owg — Oulf Dug
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Chiral algebras in celestial holography

Prologue: self-dual theories and double copy

Self-dual Yang-Mills ( «F = iF) & gravity: simplest double copy setting.
Light-cone gauge: ds? = —duadv + dwdw
Ssom(V, W) = [ d*x tr( (O + i[9,V aww]))
Ssoa(¢,6) = [ d*x $(0¢ +{0ud, Owe})  {f.g} = duf Owg — Owf Dug
BCJ colour-kinematics duality (sem, carrasco, Johansson 0] manifest! monteiro, 0'connel 11]

@ propagator (—+): 7 0%

@ cubic vertex ( + -l- ’ Vspym = X(k1 kg) fa@@ds - Vopg = X(k1 , k2)2 ‘

= {e'k* .} = ie'"*(k,04 — kwOy,) area-preserving diffeos
[Lk1 ) Lkz] = (k1 ) k2) Lk1+k2 ) X(k1 ) k2) = Kizkoy — Kiuko;
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Chiral algebras in celestial holography

Prologue: self-dual theories and double copy

Self-dual Yang-Mills ( «F = iF) & gravity: simplest double copy setting.
Light-cone gauge: ds? = —duadv + dwdw
Ssom(V, W) = [ d*x tr( (O + i[9,V aww]))
Ssoa(¢,6) = [ d*x $(0¢ +{0ud, Owe})  {f.g} = duf Owg — Owf Dug
BCJ colour-kinematics duality (sem, carrasco, Johansson 0] manifest! monteiro, 0'connel 11]

@ propagator (—+): 7 0%

@ cubic vertex ( + + ’ Vspym = X(k1 s kg) fa@@ds - Vopg = X(k1 , k2)2 ‘

= {e'k* .} = ie'"*(k,04 — kwOy,) area-preserving diffeos
[Lk1 ) Lkz] = (k1 ) k2) Lk1+k2 ) X(k1 ) k2) = Kizkoy — Kiuko;

Tree amp’s (— + - - - +) vanish. One-loop amp’s (+ - - - +) finite.
Classically integrable. One-loop exact. Well-defined sectors of full theories.
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Celestial chiral OPEs

See amplitude as a 2D CFT correlator on celestial sphere. [stominger et ai
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Celestial chiral OPEs

See amplitude as a 2D CFT correlator on celestial sphere. [stominger et ai

(DOUble COPY [Casali, Puhm, Pasterski, Nagy, Campiglia, Adamo, Kol, Godazgar?, RM, Peinador, Pope, ])
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Chiral algebras in celestial holography

Celestial chiral OPEs

See amplitude as a 2D CFT correlator on celestial sphere. [stominger et ai

(DOUble COPY [Casali, Puhm, Pasterski, Nagy, Campiglia, Adamo, Kol, Godazgar®, RM, Peinador, Pope, ...] )

Massless kinematics:

~ kN k_
k= 2ada, A=(1,2), K= (kyka), -

X(k1,k2) k1zk2u—k1uk22—€ )‘1A/\ B—[12]

S12 = (ki + k2)? = (21 — 22) X (K1, k2) .
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Celestial chiral OPEs

See amplitude as a 2D CFT correlator on celestial sphere. [stominger et ai

(DOUble COPY [Casali, Puhm, Pasterski, Nagy, Campiglia, Adamo, Kol, Godazgar?, RM, Peinador, Pope, ])

Massless kinematics:
kAA:/\AS‘Aa A=(1,2), A=(kike), z=7"=7"

X(ki, ko) = k1zk2u—k1uk2z—€ )\1,4/\ Y- [12],
s12 = (ki + k)2 = (21 — 22) X(ki, ko) .

Collinear limit zy — z» of amplitudes translates into

SDYM & YM:

)((k1 , k2) fa1azas a5 fa1d2as
-— = k ko) =
S12 Ok +ke) Z1— 22

OF (ki) OF (ko) ~
SDG & GR:
O (ki) O4(k2) ~

0% (ki + ko)

X(ki, ke)? X(ki, k
X Rl o (k4 k) = X 12)

S12 Z1 — 22
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Chiral algebras in celestial holography

w110 from soft expansion in SDG
X(ki, k
O (k1) Os(kz) ~ % Oi(ki + ko) <« [Li, Ll = X(ki, k2) Lig 14

Recall kinematics:  Ku; = Aady, A= (1,2), A= (ku kn).
Soft expansion is A — 0. At fixed z,
> (iky)? (ikw)®

| |
a,b=0 a b!

Ly ={e** -} = lap  lap={(u+zW)*(w+2zv)?, -}
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Chiral algebras in celestial holography

w110 from soft expansion in SDG
X(ki, k
O (k1) Os(kz) ~ % Oi(ki + ko) <« [Li, Ll = X(ki, k2) Lig 14

Recall kinematics:  Ku; = Aady, A= (1,2), A= (ku kn).

Soft expansion is A — 0. At fixed z,

. . (iky)? (ikw)? ]
Le={e*,} =3 %( b,) lap lap={(Ut+2W)(w+2v), -}
a,b=0 ’ ’

[Lkis Lie] = X(K1, k2) Lk vk, <> [lab Led] = (@d — bC) layc1.b1d-1
“wedge subalgebra of Lie algebra wi..”

[Strominger 21; Adamo, Mason, Sharma 21; ...]
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Chiral algebras in celestial holography

w110 from soft expansion in SDG
X(ki, k
O (k1) Os(kz) ~ % Oi(ki + ko) <« [Li, Ll = X(ki, k2) Lig 14

Recall kinematics:  Ku; = Aady, A= (1,2), A= (ku kn).

Soft expansion is A — 0. At fixed z,

. . (iky)? (ikw)? ]
Le={e*,} =3 %( b,) lap lap={(Ut+2W)(w+2v), -}
a,b=0 ’ ’

[Lkis Lie] = X(K1, k2) Lk vk, <> [lab Led] = (@d — bC) layc1.b1d-1
“wedge subalgebra of Lie algebra wi..”

[Strominger 21; Adamo, Mason, Sharma 21; ...]

Can consider Moyal deformation of SDG (MSDG) [related to Mago et al 21; Ren et al 22]

[Lk, L]V = XM(ky, ko) L, .k, <> resembles W, ., algebra
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Chiral algebras in celestial holography

Integrability in chiral sector

SDYM and (M)SDG are classically integrable <« tree amplitudes vanish.
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Integrability in chiral sector

SDYM and (M)SDG are classically integrable <« tree amplitudes vanish.

Consider celestial OPE coefficients C,/” :
SDYM: f@%a | SDG: X(ki, k), MSDG: XM(ki, ko).

C.K X(ki, ko) C <
J Ox(ki + ko) = (ki, k2) Ciy
1 — 22 Si2

Oiki) Oulke) ~ - Ok (ki + ko)
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Integrability in chiral sector

SDYM and (M)SDG are classically integrable <« tree amplitudes vanish.

Consider celestial OPE coefficients C,/” :
SDYM: f@%a | SDG: X(ki, k), MSDG: XM(ki, ko).

c. K X(ki, ko) C <
J Ox(ki + ko) = (ki, k2) Ciy
1 — 22 Si2

Oiki) Oulke) ~ - Ok (ki + ko)

If chiral OPEs fully determine theory, then double copy ensures integrability
(similar to Ward conjecture).

KLT amplitude formula:
A = Z A - Skt - Avight

permutations

A are ordered amp’s with vertices X (ki, k) and C,/X. A =0 = A=0.

Non'VaniShing quantitieS? Form factors. [Boels, Isermann, RM, O’Connell 11] [Costello, Paquette 22]
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Application to String Amplitudes

Application to String Amplitudes J
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Application to String Amplitudes

Importing field theory into string theory  ieer aw, strcmucnao 21

Supergravity loop integrand — Superstring moduli-space integrand.

]:D:[ * 2 > uplift -
+ >_<ﬁ + ... ) L

(i) Take sugra g-loop integrand obtained from BCJ double copy, (superYM)?.

(i) Translate it into Riemann sphere with g nodes cf. ambitwistor string.

(iii) Uplift from nodal sphere to genus g guided by modular invariance.

New conjecture for 3-loop 4-pt type Il superstring amplitude.
17 years after 2 |00pS [D’'Hoker, Phong; Berkovits 05] , 40 years after 1 |OOp [Green, Schwarz, Brink 82] .
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Conclusion

Conclusion J
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Conclusion

Conclusion

@ Double copy (DC) is useful and insightful, from LIGO to superstrings.

Pervasive in perturbative gauge theory, gravity, string theory.

@ DC of amplitudes — DC of classical solutions.

DC of exact classical solutions possible for some classes.

B - - (K

@ Role of self-dual kinematic algebra in celestial holography, integrability.

@ Much more to explore
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