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I
Motivation

1. Feynman rules for GR: expand Einstein-Hilbert Lagrangian (pewit ss]
S
SN
80ud @t 0@\
Sym[—1Ps(p- p'nn" ") — 1 Po(pp n*n*N)+1Ps(p- p'n*on noN)+3Ps(p- p'n*n"on ™)+ Ps(pp n*"n™)
—3Ps(pp 0 one ) +3Ps(pep Mo )+ Pe(prp M en )+ Po(pp a0 )+ Py(pop ™ n™on™)
ss —Ps(p-p'renmn™)],
80ud ot 118N Qurrer -
Sym[—3Pe(p-p'nn" 0P n) = Pra(pp ™00 n) — 1 Po(pp w0 0+ P (b p'n 0" 0" ')
+1Ps(p- o100 0 )+ 1Pra(pp 0P n ) +3Po(pop en P g ) — 1 Po(p- p'nton o ™)
F1Pu(p- p'n 0 on ™ )+ 1Pas(pop om0 )+ Pra(pop  ni e )+ Pas (p7p o w n)
—35Pu(p- p'w ™) —§Pra(pp 0 0™ n )+ 5 Pra(p7pPn ™ n) = Pas(p- p'n*n"Pn n*)
— Pra(ppmnen )= Pra(p?p "0 n") — Pas(pop’Pn™n ™) — Pra(pep n > n™n®)
+Ps(p-p'non> 0™ n) = Pra(p7pon®n™n ) = §Pra(p- p'n*on" 0" n™) — Pra(ppon™n* )
—Ps(pep" i nrrn™)— Paa(p7p P "0 — Pra(pop'en ™ n) +2Po(p- p'w*n™on 0™) 1.

+ infinite number of higher-point vertices. ..

2. GR and YM are fundamental theories.
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|
Gravity ~ YM?2
Free fields

@ Polarisation states: (graviton + dilaton + B-field)
@ Degrees of freedom match: (D — 2)2.
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|
Gravity ~ YM?2
Free fields

@ Polarisation states: | =¢€* €”| (graviton + dilaton + B-field)

@ Degrees of freedom match: (D — 2)2.

Scattering amplitudes

@ “Factorisation” of ¢, €, preserved by interactions!

@ Double copy | Agrav(c/") ~ (Prop) " Avm(e/) * Am(E") | oour sripped

@ Well established at tree level.

@ Useful but unproven at loop level.

Ricardo Monteiro  (Queen Mary) Gravity as a Double Copy of Gauge Theory 3/28



|
Gravity ~ YM?2
Free fields

@ Polarisation states: | =¢€* €”| (graviton + dilaton + B-field)

@ Degrees of freedom match: (D — 2)2.

Scattering amplitudes

@ “Factorisation” of ¢, €, preserved by interactions!

@ Double copy | Agrav(c/") ~ (Prop) " Avm(e/) * Am(E") | oour sripped

@ Well established at tree level.

@ Useful but unproven at loop level.

Classical solutions

@ Suggests correspondence between classical theories.
@ Map between solutions?
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I
Outline

Double copy for scattering amplitudes

@ KLT relations
@ Colour-kinematics duality

@ Scattering equations

Double copy for classical solutions

@ Exact double copy: Kerr-Schild spacetimes

@ Perturbative double copy
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Double copy for amplitudes

Double copy for scattering amplitudes J
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Double copy for amplitudes

|. KLT relations: string theory origin [Kawa, Lewellen, Tye ‘6]
Vertex operators: Vgosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

sinma/S12 ,ym
——A

AZ® = AM(123) AM(123) A = (1234) A™(1243)

e’
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|. KLT relations: string theory origin

[Kawai, Lewellen, Tye ‘86]

Vertex operators: Vgosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

~ i ! y
AG™ = AM(123) AM(123)  AZ = SLTEE AM(1234) AV (1243)

Field theory limitis o/ — 0.
In general (tree level)

[Bern, Dixon, Perelstein, Rozowsky ‘98]
grav__

§¥= 3" AMPy) ScalPo Pl AM(P) Sk~
Pa,P,

Useful at loop level via unitarity cuts.

Ricardo Monteiro  (Queen Mary) Gravity as a Double Copy of Gauge Theory 6/28



Double copy for amplitudes

|. KLT relations: string theory origin [Kawa, Lewellen, Tye ‘6]
Vertex operators: Vgosed(¢"” = &) ~ Vopen(€") Vopen(€”) sj = (ki + k)2

sinma/S12 ,ym
——A

AZ® = AM(123) AM(123) A = (1234) A™(1243)

e’

Field theory limitis o/ — 0.
In general (tree IeveI) [Bern, Dixon, Perelstein, Rozowsky ‘98]
AFV=N"AM(P;) Swwr[Pn. Pl A™(P) Skur ~ 8)7°
Pn,P;,
Useful at loop level via unitarity cuts.

Recall YM colour decomposition: colour traces or colour factors.
AM= 3" AN 2, ) u(TaT%..T%) = 3 N,c,

non cyclic aEcubic
with ¢, = facf...f  fabe —tr([T2 TP|T°),
but Jacobi identities: ¢, £ ¢z ¢, =0
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[I. BCJ duality and double copy

[Bern, Carrasco, Johansson ‘08, ‘10]

kinematic numerators: n, (ki €;)
Gauge theory .
colour factors: ¢, = fa°f ... f~
NoCo .
Aym = Z 5 propagators: D, =[], K2,
aEcubic

Colour-kinematics duality
dn,:catcstcy, =0 < naxtng+n, =0
Gravity
NN,
-Agrav = Z D

aEcubic
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” BCJ duality and dOUble COpy [Bern, Carrasco, Johansson ‘08, ‘10]

Gauge theory

Aym = Z nEca

a€Ecubic

Gravity

.Agrav = Z ngna

aEcubic
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kinematic numerators: n, (ki €;)

colour factors: ¢, = fa°f ... f
propagators: D, =[], K2,
Colour-kinematics duality
dng:cotcegte, =0 < notng£n, =0

Double copy to gravity

colour-kinematics satisfying n,,
same propagators
states scattered: ¢, = €,,€,
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” BCJ duality and dOUble COpy [Bern, Carrasco, Johansson ‘08, ‘10]

kinematic numerators: n, (ki €;)

Gauge theory .
colour factors: ¢, = f@°f ... f~
N, C
Awm= > E o propagators: D, =[], K2,
o Geuble Colour-kinematics duality
dng:cotcegte, =0 < notng£n, =0
Gravity Double copy to gravity
A Z N Mo, colour-kinematics satisfying n,,
grav —
wi same propagators
states scattered: ¢, = €,,€,
Strlngy understanding from monodromy [Bjerrum-Bohr, Damgaard, Vanhove; Stieberger '09]
and pure spinor formalism. [Mafra, Schiotterer, Stieberger '11]
Self-dual YM and gravity: kinematic algebra, off-shell BCJ. [RM, O'Connell "11]
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” BCJ duality and dOUble COpy [Bern, Carrasco, Johansson ‘08, ‘10]

Gauge theory

Aym = Z %

. «
aEcubic

Gravity

Agrav = Z ngha

. «
aEcubic

kinematic numerators: n,(k;, €;)

colour factors: ¢, = fabcf ... f~
propagators: D, =[], K2,
Colour-kinematics duality
dng:cotceg+e, =0 < noEtng£n, =0

Double copy to gravity

colour-kinematics satisfying n,,
same propagators
states scattered: ¢,,, = €,€,

Tree level: duality true, double copy same as KLT relations.

Loop level (integrand): duality conjectural, double copy gets unitarity cuts.
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Gravity ~ YM x YM : multiplication table

(N =4SYM) x (N =4SYM) ~ (N =8SUGRA)
(N =4SYM) x (N =2SYM) ~ (N =6 SUGRA)
(N =4SYM) x (M =1SYM) ~ (N =5SUGRA)
(N =4SYM) x (M =0YM) ~ (N =4SUGRA)
(N =2SYM) x (N =2SYM) ~ (N =4 SUGRA) + 2vect.multipl.
etc.

(M =0YM) x (N =0YM)~ (N =0SUGRA)
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Gravity ~ YM x YM : multiplication table

(N =4SYM) x (N =4SYM) ~ (N =8SUGRA)
(N =4SYM) x (N =2SYM) ~ (N =6 SUGRA)
(N =4 SYM) x (N =1SYM) ~ (N =5SUGRA)
(N =4SYM) x (M =0YM) ~ (N =4SUGRA)
(N =2SYM) x (M =2SYM) ~ (N =4 SUGRA) + 2vect.multipl.
etc.
(N=0YM) x (N =0YM)~ (N =0SUGRA)

1

2 1 _2re
Sne = [ d°x/—g| SR— ———0"pdp— —e D2 HMVH V}, H = dB.
N'=0 SUGRA / g[nz 2(D—2) P oup 6 AL

Pure Einstein gravity?

@ tree level: yes if external particles are all gravitons
@ loop level: need to project out dilaton ¢ and B-field in loops
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Gravity ~ YM x YM : multiplication table

(N =4SYM) x (N =4SYM) ~ (N =8SUGRA)
(N =4SYM) x (N =2SYM) ~ (N =6 SUGRA)
(N =4 SYM) x (N =1SYM) ~ (N =5SUGRA)
(N =4SYM) x (M =0YM) ~ (N =4SUGRA)
(N =2SYM) x (M =2SYM) ~ (N =4 SUGRA) + 2vect.multipl.
etc.
(N=0YM) x (N =0YM)~ (N =0SUGRA)

1

2 1 _2re
Sne = [ d°x/—g| SR— ———0"pdp— —e D2 HMVH V}, H = dB.
N'=0 SUGRA / g[nz 2(D—2) P oup 6 AL

Pure Einstein gravity?

@ tree level: yes if external particles are all gravitons
@ loop level: need to project out dilaton ¢ and B-field in loops

uv SUrpriseS in 4D SUGRA: finite for N’ > 47 [Bern, Carrasco, Dixon, Johansson, Roiban ‘08.. . ]
N =8 SUGRA as same Dy as N' =4 SYM up to 4 loops.
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lll. Scattering equations and CHY formulas  canazo,te, vuan 12
Consider n massless particles, k> =0, i=1,...,n

O','—O'/'

E =
J#i

—0, Vi

@ kinematic invariants s; =2k -k; — points o; € CP'

Ao+ B

@ Y ki=0: SL(2,C) invariance, o — b

@ (n— 3)! solutions af’q)

@ factorisation: (ki +...+kn)®2 =0 gives o1,...,0m — 0y
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lll. Scattering equations and CHY formulas  canazo,te, vuan 12
Consider n massless particles, k> =0, i=1,...,n

O','—O'/'

E =
J#i

—0, Vi

@ kinematic invariants s; =2k -k; — points o; € CP'

Ao+ B

@ Y ki=0: SL(2,C) invariance, o — b

@ (n— 3)! solutions af’q)

@ factorisation: (ki +...+kn)®2 =0 gives o1,...,0m — 0y

Also apear in high-energy fixed-angle string scattering. [Gross, Mende '88]
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Double copy for amplitudes

lll. Scattering equations and CHY formulas  canazo,te, vuan 12

Tree-level scattering amplitude: A= / du T
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Double copy for amplitudes

lll. Scattering equations and CHY formulas  canazo,te, vuan 12

Tree-level scattering amplitude:

@ measure is universal

/ /voISL 2,C) Ié(E")
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Double copy for amplitudes

lll. Scattering equations and CHY formulas  canazo,te, vuan 12

Tree-level scattering amplitude: A= / du T
@ measure is universal
(n—3)! T
I . — —
/ / volSL( 2 C) 5(E’) — A= Az_; J lo=ot
@ 7 specifies the theory
TaiTa ... Tan
Iyvm = Pf’M(e) X ( tr( ) + non-cyclic perm) Ors = 0y — Os
012023 0

Tgrav = Pf/M(e) X Pf/M(g) = Gravity ~ YM?

Ricardo Monteiro ~ (Queen Mary) Gravity as a Double Copy of Gauge Theory 11/28



Double copy for amplitudes

lll. Scattering equations and CHY formulas  canazo,te, vuan 12

Tree-level scattering amplitude: A= / du T

@ measure is universal

(=3
/ /voISL 2,0) Ié(Ei) - A= Azz; J lo=o
@ 7 specifies the theory
Tym = Pf'M(e) x < tr(;jg:ﬁ 1 : ,Uzan) -+ non-cyclic perm) Ors = Oy — O

Tgrav = Pf/M(e) X Pf/M(g) = Gravity ~ YM?

Predecessor: 4D formula from twistor-string theory. (witen 0s; Roiban, Spradiin, Volovich 04]
Worldsheet model for CHY: ambitwistor-string theory. [Mason, Skinner 13]

Loop-level formulas! !

[Geyer, Mason, RM, Tourkine 15, 16] < @

[Adamo, Casali, Skinner 13]
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Double copy for amplitudes

Summary for amplitudes

Agraul=]") ~ (Prop) ™" Av(e/") % AME) |coursrppec

KLT relations

Agav = > Awa(e, Pr) Skur[Po. Pol Awa(E P)

PP,
BCJ double copy
Ny (€) Cq ny(€) Ny (€
Aym = Z 7(5) Agrav = Z 7(3 ©
aEcubic « aEcubic @

CHY formulas

A= /du I Iywm=Pf'M(e) xC  Zgay = Pf'M(e) x Pf'M(E)
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Classical double copy

Double copy for classical solutions J
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Classical double copy

Double copy for black holes? [RM, O'Connell, White '14]

Question: is there a double copy for classical solutions?

Ricardo Monteiro  (Queen Mary) Gravity as a Double Copy of Gauge Theory 14/28



Classical double copy

Double copy for black holes? [RM, O'Connell, White '14]

Question: is there a double copy for classical solutions?

Challenges:
@ What is “graviton” in exact solution?
@ Non-perturbative double copy?

@ Relation of diffeo. choice in gravity to gauge choice in YM?
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Classical double copy

Double copy for black holes? [RM, O'Connell, White '14]

Question: is there a double copy for classical solutions?

Challenges:
@ What is “graviton” in exact solution?
@ Non-perturbative double copy?

@ Relation of diffeo. choice in gravity to gauge choice in YM?

Still...
@ Should work in perturbation theory.
Some solutions can be constructed perturbatively.

Examples: Schwarzchild [puif 73; Neil, Rothstein 131, ShOCKwave [sactome, Akhoury '12].

@ Direct map of exact solutions? Need miracle!
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Classical double copy

Double copy for black holes? [RM, O'Connell, White '14]

Question: is there a double copy for classical solutions?

Challenges:
@ What is “graviton” in exact solution?
@ Non-perturbative double copy?

@ Relation of diffeo. choice in gravity to gauge choice in YM?

Still...
@ Should work in perturbation theory.
Some solutions can be constructed perturbatively.

Examples: Schwarzchild [puif 73; Neil, Rothstein 131, ShOCKwave [sactome, Akhoury '12].

@ Direct map of exact solutions? Need miracle!  Symmetry
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Classical double copy: exact

Stationary Kerr-Schild spacetimes

“Exact perturbation” ’ v = N + o Kuky

where k,, is null and geodesic wrt 7, and g,.. (k* = gk, = n*¥k,)
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Classical double copy: exact

Stationary Kerr-Schild spacetimes

“Exact perturbation” ’ v = N + o Kuky

where k,, is null and geodesic wrt 7, and g,.. (k* = gk, = n*¥k,)

Einstein equations linearise:
@ ghv =nt — p kFKY
@ R, = 10, [0" (0k“k,) + O, (k") — 0% (¢pk"k,)] ot =nhro,
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Classical double copy: exact

Stationary Kerr-Schild spacetimes

“Exact perturbation” ’ G = N + G Kk,

where k,, is null and geodesic wrt 7, and g,.. (k* = gk, = n*¥k,)

Einstein equations linearise:
@ ghv =nt — p kFKY

@ A", = %8,1 [0 (pk“K,) + Oy (pk* kM) — O™ (kM K, )] or =ntvo,

Stationary vacuum case (take ko = 1):  R% = 3 V2¢ =0

Rio = 400 [0 (ok") — o (oK')] =0
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Classical double copy: exact

Stationary Kerr-Schild spacetimes

“Exact perturbation” ’ G = N + G Kk,

where k,, is null and geodesic wrt 7, and g,.. (k* = gk, = n*¥k,)

Einstein equations linearise:
@ ghv =nt — p kFKY

@ A", = %8,1 [0 (pk“K,) + Oy (pk* kM) — O™ (kM K, )] or =ntvo,

Stationary vacuum case (take ko = 1):  R% = 3 V2¢ =0

Rio = 400 [0 (ok") — o (oK')] =0

BCJ “single copy” linear « Abelian, |A% = ¢k, c®

c? const
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Classical double copy: exact

Stationary Kerr-Schild spacetimes

“Exact perturbation” ’ G = N + G Kk,

where k,, is null and geodesic wrt 7, and g,.. (k* = gk, = n*¥k,)

Einstein equations linearise:
@ ghv =nt — p kFKY

@ A", = %8,1 [0 (pk“K,) + Oy (pk* kM) — O™ (kM K, )] or =ntvo,

Stationary vacuum case (take ko = 1):  R% = 3 V2¢ =0

Rio = 400 [0 (ok") — o (oK')] =0

BCJ “single copy” linear « Abelian, |A% = ¢k, c® c? const
-V2¢ v=0
_ anv __ .a ) .
L T R
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Classical double copy: exact

Simplest example: point charge

Check spherically symmetric solutions sourced by point charge.

Einstein theory: Schwarzschild solution

2M
o g;tV:nHV‘FQSkaV, QS(r)ZT’ k=dt+dr
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Classical double copy: exact

Simplest example: point charge

Check spherically symmetric solutions sourced by point charge.

Einstein theory: Schwarzschild solution

2M
Q| 9w =N + KK, o(r) = -~ k =dt+dr
YM theory: Coulomb solution
@ | A2 =09k, c? qb(r):g A? — Aa+d(—qcalogr):gcadt
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Classical double copy: exact

Simplest example: point charge

Check spherically symmetric solutions sourced by point charge.

Einstein theory: Schwarzschild solution

2M
Q| 9w =N + KK, o(r) = -~ k =dt+dr
YM theory: Coulomb solution
@ | A2 =09k, c? qb(r):g A? — Aa+d(—qcalogr):gcadt

Schwarzschild ~ (Coulomb)?
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Classical double copy: exact

Simplest example: point charge

Check spherically symmetric solutions sourced by point charge.

Einstein theory: Schwarzschild solution

2M
Q| 9w =N + KK, o(r) = -~ k =dt+dr
YM theory: Coulomb solution
@ | A2 =09k, c? qb(r):g A? — Aa+d(—qcalogr):7cadt

Schwarzschild ~ (Coulomb)?

Makes sense!
However, expect (YM)? ~ Einstein g, + dilaton ¢ + B-field B,,,
Why vacuum? How to add dilaton? See later.
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Classical double copy: exact

Stationary Kerr-Schild: more examples

Kerr solution: (M, a), a=J/M. Schwarzschild is a = 0.

2Mri xX2+y? 2z

] r,z)=———5-= 5+ - =1
d)(? ) r4+a222’ r2+32+r2
rx + ay ry —ax z

@ k=dt ax dy + —dz
TR X T e YT

Single copy: Maxwell field generated by certain rotating charged disk.

Extends to D > 4: Myers-Perry black holes (M, a;) are also Kerr-Schild.
But there are other black holes families! Black rings, etc...
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Classical double copy: exact

Stationary Kerr-Schild: more examples

Kerr solution: (M, a), a=J/M. Schwarzschild is a = 0.

2Mri xX2+y? 2z

] r,z)=———5-= 5+ - =1
d)(? ) r4+a222’ r2+32+r2
rx+a ry — ax z

@ k=dt+ h ydx+ 4 dy +—dz
re 4 a? r 4 a r

Single copy: Maxwell field generated by certain rotating charged disk.

Extends to D > 4: Myers-Perry black holes (M, a;) are also Kerr-Schild.
But there are other black holes families! Black rings, etc...

Cosmological constant <« constant charge density. [Luna, RM, O'Connell, White '15]
NUT charge <« magnetic monopole: multi-Kerr-Schild
Ouw =M + O KKy + 00,0, M, N = AV =gk, +11,

Radiation from an accelerated particle: correct Bremsstrahlung.
[Luna, RM, Nicholson, O’Connell, White '16]
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Alternative formulation

[in preparation, Luna et al]

Try double copy of curvatures:
A, =e, %% F. =i(k.e, — koe,)e*~
) 1 )
P = €ue, €% Ry = 5 (Kuew = ke)(Kpen — kaey) gk~
Obvious relation: €% *R,,,,\ ~ F.Fpx

More general? Not so simple: symmetries of R,,,.,», non-linear gauge, ...
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Spinorial double copy

Alternative formulation [RprEpaaton) Lind stel
Try double copy of curvatures:

A, =e, %% F. =i(k.e, — koe,)e*~

s = et 8%, Ruus = 5 (ke — ko) e — ko) &
Obvious relation: €% *R,,,,\ ~ F.Fpx

More general? Not so simple: symmetries of R,,,.,», non-linear gauge, ...

Spinorial approach to GR (D = 4) [Penrose 60]

. . . n i i AB AUV
Basic object is Taa such that (O’AAUBB + UAAUBB) e™” =g"eaB

Translation spacetime indices <+ spinor indices: V,, — V,; = o', V,..

Like spinor-helicity, but curved.
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Spinorial double copy

Alternative formulation [RprEpaaton) Lind stel
Try double copy of curvatures:

A, =e, %% F. =i(k.e, — koe,)e*~

s = et 8%, Ruus = 5 (ke — ko) e — ko) &
Obvious relation: €% *R,,,,\ ~ F.Fpx

More general? Not so simple: symmetries of R,,,.,», non-linear gauge, ...

Spinorial approach to GR (D = 4) [Penrose 60]

. . . n i i AB AUV
Basic object is Taa such that (O’AAUBB + UAAUBB) e™” =g"eaB

Translation spacetime indices <+ spinor indices: V,, — V,; = o', V,..

Like spinor-helicity, but curved.

1
Want formula:  curvature R ~ —— (curvature F)?
scalar
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Weyl spinor and algebraic classification
Weyl curvature W, ,:
W,.vpx = Ruvpr +terms(R,., 9uv) = Ruupx invacuumas R, =0
Weyl spinor Capgcp:
Wiwox = Waagsceop = Casep €ps eep + éAECD €AB £CD

where Cagcp = Ciascp) and CABCD is complex conjugate.
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Weyl spinor and algebraic classification
Weyl curvature W, ,:
W,.vpx = Ruvpr +terms(R,., 9uv) = Ruupx invacuumas R, =0
Weyl spinor Capgcp:
Wivor = Wangsoepp = Casep €5 €ep t CABCD €AB £CD
where Cagcp = Ciascp) and CABCD is complex conjugate.
Can decompose into four rank 1 spinors:  Cagcp = aabsccdp)
— Four principal null directions: a,; = asa, and same for b,,, Cya, daa-
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Spinorial double copy

Weyl spinor and algebraic classification
Weyl curvature W, ,:
W,.vpx = Ruvpr +terms(R,., 9uv) = Ruupx invacuumas R, =0
Weyl spinor Capgcp:
Wivor = Wangsoepp = Casep €5 €ep t CAECD €AB £CD
where Cagcp = Ciascp) and CABCD is complex conjugate.

Can decompose into four rank 1 spinors:  Cagcp = aabsccdp)

— Four principal null directions: a,; = asa, and same for b,,, Cya, daa-

Algebraic classification of spacetimes  (petrov 54
How many principal null directions are aligned? Types |, II, D, lll, N, O.
Type D: agxcs, bagxdy, then Cagep x YasYcp » where YaB = a(AbB) .
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Spinorial double copy

Take Minkowski space:

o? =

%(]l,a").

Maxwell spinor fag:  Fu. — Faags = faBepg + fageco

where fag = fiap) and f,; is complex conjugate. Also fag = r(aSg).
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Spinorial double copy

Take Minkowski space: o = %(]1, o).

Maxwell spinor fag:  Fu. — Faags = faBepg + fageco

where fag = fiap) and f,; is complex conjugate. Also fag = r(aSg).

Spinorial double copy

3
Cascp = S fag fcp

@ Applies to all previous Kerr-Schild examples (type D).

@ Gives meaningto Cagecp  ¥YaB Yep -

@ ¢ = S+ S, where ¢ is same as Kerr-Schild case. Eom: 920,¢ = 0.
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Spinorial double copy

Take Minkowski space: 0% = —5(1,0).

Maxwell spinor fag:  Fu. — Faags = faBepg + fageco

where fag = fiap) and f,; is complex conjugate. Also fag = r(aSg).

]
Spinorial double copy | Cagep = S fag fep

@ Applies to all previous Kerr-Schild examples (type D).
@ Gives meaningto Cagecp  ¥YaB Yep -
@ ¢ = S+ S, where ¢ is same as Kerr-Schild case. Eom: 920,¢ = 0.

@ More examples?
C-metric «» Lienard-Weichert potential for uniform acceleration

@ Extensionto D > 4?
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Classical double copy: perturbative

PertU rbative dOU ble CO py [Luna, RM, Nicholson, Ochirov, O’Connell, Westerberger, White '16]

In general, no exact solutions, no hope for exact double copy.

Need to use perturbation theory.
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PertU rbatlve dOU ble CO py [Luna, RM, Nicholson, Ochirov, O’Connell, Westerberger, White '16]

In general, no exact solutions, no hope for exact double copy.

Need to use perturbation theory.

@ First map linearised solutions. talk by Silvia Nagy [Anastasiou et al, Cardoso et al]
@ Correct order-by-order in BCJ-ish perturbation theory.
@ Translate back to standard gauge only if needed.

Recent work: radiation from point charges (coldoerger, Ridgway 16,
BPS black holes [Cardoso, Nagy, Nampuri *16].

Prior work: Schwarszchild eil, Rothstein ‘13, Shockwave [saotome, Akhoury '12].
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PertU rbatlve dOU ble CO py [Luna, RM, Nicholson, Ochirov, O’Connell, Westerberger, White '16]

In general, no exact solutions, no hope for exact double copy.

Need to use perturbation theory.
@ First map linearised solutions. talk by Silvia Nagy [Anastasiou et al, Cardoso et al]

@ Correct order-by-order in BCJ-ish perturbation theory.

@ Translate back to standard gauge only if needed.

Recent work: radiation from point charges (coldoerger, Ridgway 16,
BPS black holes [Cardoso, Nagy, Nampuri *16].

Prior work: Schwarszchild eil, Rothstein ‘13, Shockwave [saotome, Akhoury '12].

Goals

@ Rewrite gravitational perturbation theory in BCJ-ish way. [Bern, Grant '99]
[Cheung, Remmen '16]
@ Clarify splitting into graviton, dilaton, B-field.
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Classical double copy: perturbative

Perturbative double copy: setup

Construct solutions perturbatively:
@ start with linearised solution j, O j = 0.

@ proceed order by order: O =, OfN ~gj2 DOf3 ~g?)3,

f(X)= —j + {l - Jj—<:j + o@G" = if(”)(x)
/ J n=0
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Classical double copy: perturbative

Perturbative double copy: setup

Construct solutions perturbatively:
@ start with linearised solution j, O j = 0.

@ proceed order by order: O =, OfN ~gj2 DOf3 ~g?)3,

fx)= —j + {l + Jj—<:j + 0" = if(”)(x)
) ) n=0

Gauge theory field A, ,

admits BCJ Lagrangian enforcing colour-kinematics duality.

Gravity want field H,, ~ graviton + dilaton + B-field, “fat graviton”

whose vertices are double copy of YM with BCJ Lagrangian.
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Classical double copy: perturbative

Perturbative double copy: setup

Example: 3-point vertex

Gauge theory
A (—py) = f"’””/ﬂ*"pch”psb‘”(m + P2+ Ps)
x [(p1 = P2) 0" + (P2 = 3)" ™" + (s — p1) 0| AL (P2) AT (o)
Gravity

, 1
(Npp (—=p1) :E/(TDPzJDPﬁD(M + P2+ p3)
1
x [(p1 = p2) " + (P2 — pa)n™ + (ps — p1) "]
x (o1 = p2) 0"+ (P2 = pa)* 0" + (s — p)? w7 |G, (p2)HY), (o)
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Classical double copy: perturbative

Perturbative double copy: setup

Example: 3-point vertex

Gauge theory
A (—py) = f"’””/ﬂ*"pch”psb‘”(m + P2+ Ps)
x [(p1 = P2) 0" + (P2 = 3)" ™" + (s — p1) 0| AL (P2) AT (o)
Gravity

, 1
Wi’ (—py) =— | dPpadPpssP(py + p2 + ps)

4

% [(P1 —p2)"n*’ + (P2 — p3)*n”" + (ps — p1)677w]

x (o1 = p2) 0"+ (P2 = pa)* 0" + (s — p)? w7 |G, (p2)HY), (o)

BCJ Lagrangian for YM has infinite sequence of non-local (O0~1) vertices.

[Bern, Dennen, Huang, Kiermaier ‘10]
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Classical double copy: perturbative

Fat graviton: linearised theory

Definition | Hyu (%) = By (X) + B (X) + P, (¢ — b)

@ g is the dilaton. B, is the B-field. 0/5,,, = 0.
@ kb = — /=g 9" = Kk (hu — Smwh) + O(H?).  0Mh,, = 0.

; . _ 1 919,199 —
@ Projector: P, = 55 (nw - W) , Where g" = const.
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Classical double copy: perturbative

Fat graviton: linearised theory

w ;UJ( ) hul/( )+Bl“/( )+ng((p_h)

@ g is the dilaton. B, is the B-field. 0/5,,, = 0.

@ kb = — /=g 9" =k (hu — %nlwh) +0O(h?). 0", = 0.

@ Projector: P9, = 5'5 (nw — %) , where g* = const.
Properties

@ H" has (D — 2)? propagating dof’s. 0*H,, =0.

@ EOMs: | 9*H,, =0 <+  8%h,, =0, 9?9 =0, 0°B,, =0

@ Projector origin: 377 €/ el, = 1, — W‘% where ¢ - g =0.

@ Invertible: can get “skinny fields” b, , ¢, B, from H,,,.
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Fat graviton: first correction

Example

Simple starting point:  H{?) = g 27 Unl with u, = (1,0,0,0).
Y5

H©)
Compute using double copy of YM 3-point vertex: H("(x) = { o
H 0

. 1 K 2 M2 . ;
Resultis: H() = — (E) Gy ke Wit K, = (0.X/n).
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Classical double copy: perturbative

Fat graviton: first correction

Example

Simple starting point:  H{?) = g 27 Unl with u, = (1,0,0,0).
Y5

H©)
Compute using double copy of YM 3-point vertex: H("(x) = {

H(0)

. 1 K 2 M2 . ;
Resultis: H() = — (5) Gy ke Wit K, = (0.X/n).

Exact spherically symmetric, static solution of Einstein-dilaton gravity known!

Translate the result for comparison:

H =00 + B + P (61 — 5 0) 4+ T
where 7,0 (5@, ¢ BO)) encodes gauge transf / field redefinition.
To be avoided!
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Classical double copy: perturbative

Dilatonic point mass: JNW solution

Start with linearised solution: graviton ~ M, dilaton ~ Y.

Construct order-by-order in perturbation theory.
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Dilatonic point mass: JNW solution

Start with linearised solution: graviton ~ M, dilaton ~ Y.

Construct order-by-order in perturbation theory.

Exact solution (M, Y) was found by Janis, Newman, Winicour '68:

v - 1=y
ds? = — (1 - p°) i + (1 - ”°> dp? + (1 - ”°> PPdQ?
p P p

Y p0> M
= —log (1 =2/M2 + Y2 S
P= 08 ( p) ” T UM vz
@ Y = 0: pure Einstein gravity — Schwarzschild black hole (Kerr-Schild)

@ Y # 0: naked singularity at origin p = po, cf. no-hair theorems

Y = M: matches previous example HES,) ~M/r.
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Dilatonic point mass: JNW solution

Start with linearised solution: graviton ~ M, dilaton ~ Y.

Construct order-by-order in perturbation theory.

Exact solution (M, Y) was found by Janis, Newman, Winicour '68:

v - 1=y
ds? = — (1 - p°) i + (1 - ”°> dp? + (1 - ”°> PPdQ?
P P p

Y p0> M
= —log (1 =2/M2 + Y2 S
P= 08 ( p) ” T UM vz
@ Y = 0: pure Einstein gravity — Schwarzschild black hole (Kerr-Schild)

@ Y # 0: naked singularity at origin p = po, cf. no-hair theorems

Y = M: matches previous example HES,) ~M/r.

General JNW not vacuum and not Kerr-Schild.

Exact double copy?

Ricardo Monteiro  (Queen Mary) Gravity as a Double Copy of Gauge Theory 26/28



Beyond vacuum

Beyond vacuum solutions

Back to question:  (YM)? ~ Einstein g, + dilaton ¢ + B-field
Spherically symetric, static solution sourced by point charge:

@ Yang-Mills: Coulomb solution.

@ Pure Einstein gravity: Schwarschild solution.

@ Einstein + dilaton: JNW solution. More general double copy of Coulomb.

a 1
L0a_ ¢ Hoy 51
T L A e

1
(Mo + M=) Jo =l — 1)) g1 =

Ricardo Monteiro  (Queen Mary) Gravity as a Double Copy of Gauge Theory 27/28



Beyond vacuum

Beyond vacuum solutions

Back to question:  (YM)? ~ Einstein g, + dilaton ¢ + B-field
Spherically symetric, static solution sourced by point charge:

@ Yang-Mills: Coulomb solution.

@ Pure Einstein gravity: Schwarschild solution.

@ Einstein + dilaton: JNW solution. More general double copy of Coulomb.

a 1
L0a_ ¢ Hoy 51
T L A e

1
(Mo + M=) Jo =l — 1)) g1 =

Analogue for scattering amplitudes:
@ not all gravity states are of the form ¥ = e+ €”,
@ but double copy gives full gravity theory, #* is linear comb. of above.
® Eg. dilaton case ¢ o Y7 P el el = 1y, — Bt

Of course, pure Einstein gravity is the most interesting sector.
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Conclusion

Conclusion

@ Gravity is double copy from gauge theory, at least perturbatively.
@ Major tool in scattering amplitudes.

@ Double copy of classical solutions is possible.

@ Exact examples: simplest is Schwarzschild ~ (Coulomb)?.

@ Perturbative double copy based on “fat graviton”.
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Conclusion

Conclusion

@ Gravity is double copy from gauge theory, at least perturbatively.
@ Major tool in scattering amplitudes.

@ Double copy of classical solutions is possible.

@ Exact examples: simplest is Schwarzschild ~ (Coulomb)?.

@ Perturbative double copy based on “fat graviton”.

Many open questions!

@ Amplitudes: loop-level structure?
@ Exact solutions: Non Kerr-Schild? Non vacuum? Spinorial for D > 47
@ New GR solutions from gauge theory?

@ Perturbative story: phenomenological applications?
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