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@ Write action consistent with all the symmetries
S=2 [d*xy/=gR+... Kk*=1/327Gy

@ Setup perturbative expansion in Gy
Euvy = Nuv + /fhuz/

@ Calculate classical equations of motion, gravitational radiation emitted
1 = 1 >
© Ohu(x) = 5o { Tuwll) = 50 72 |

Tuy _ Juv TV
© TH = Tp5 + Thieids
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The Gravitational two-body problem
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@ Write action consistent with all the symmetries
S=2 [d*xy/=gR+... Kk*=1/327Gy

@ Setup perturbative expansion in Gy
Euvy = Nuv + /fhuz/

@ Calculate classical equations of motion, gravitational radiation emitted

© Dby (x) = 4= {Tw(k) — Lo fg}
o Fuv— i T

fields

o Th =52, [ ds ph(s)pt(s)0%(x — xa(9))
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The Gravitational two-body problem
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@ Write action consistent with all the symmetries
S=2 [d*xy/=gR+... Kk*=1/327Gy

@ Setup perturbative expansion in Gy
Euvy = Nuv + /fhuz/

@ Calculate classical equations of motion, gravitational radiation emitted

© Dby (x) = 4= {Tw(k) — Lo fg}

Tuy _ Juv TV
© TH = Tp5 + Thieids

o Th =52, [ ds ph(s)pt(s)0%(x — xa(9))

@ Declare victory?
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Perturbative gravity is messy

@ Write action consistent with all the symmetries
S=232[d*x/—gR+... k2 =1/327Gy

@ Setup perturbative expansion in Gy
Euv = Nuw + thuu

@ Calculate classical equations of motion, gravitational
radiation emitted

Siddharth Prabhu (ICTS-TIFR) Classical double copy 19/8/2019 3/12



Perturbative gravity is messy

@ Write action consistent with all the symmetries
S=232[d*x/—gR+... k2 =1/327Gy

@ Setup perturbative expansion in Gy
Euv = Nuw + "Qhuu

@ Calculate classical equations of motion, gravitational j’/\%‘—/ >%<

radiation emitted

@ Run into perturbative mess!
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The Yang-Mills two-body problem

@ Write action consistent with all the symmetries
S = é%fd“xF/j’VF;‘”—k...
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The Yang-Mills two-body problem
@ Write action consistent with all the symmetries

S=21 [d**F3,F + ..

@ Setup perturbative expansion in g
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The Yang-Mills two-body problem

@ Write action consistent with all the symmetries
S = é%fd“xF/j’VF;‘”—k...

@ Setup perturbative expansion in g

@ Calculate classical equations of motion, gluon
radiation emitted

o DAL = J(x) = o + it
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The Yang-Mills two-body problem

@ Write action consistent with all the symmetries
S = é%fd“xF/j’VF;‘”—k...

@ Setup perturbative expansion in g

@ Calculate classical equations of motion, gluon
radiation emitted

o DAL = J(x) = o + it

n
° Ja,fie

o = PSR AL — F)
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The Yang-Mills two-body problem

@ Write action consistent with all the symmetries
S = é%fd“xF/j’VF;‘”—k...

@ Setup perturbative expansion in g

@ Calculate classical equations of motion, gluon
radiation emitted

o DAL = J(x) = o + it

0 S g = FPAL(O” AL — F1)

© Jpp(x) =32 [ dsci(s)ph(5)0%(x — xa(s))
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The Yang-Mills two-body problem

@ Write action consistent with all the symmetries

S:g—lzfd“xF/j’,,F;‘”—i—... A .
- bd ‘44.[)(. o 0 4 i ; N
@ Setup perturbative expansion in g M - g} ("\' S (“u 3)
3
f2 ¥ ngH (Glyﬂv i
@ Calculate classical equations of motion, gluon o e
radiation emitted s
o AL = Ji(x) = i pp + IL et
® J. fil

g = FPCAL (97 AL — F1v) P bt

© Jpp(x) =32 [ dsci(s)ph(5)0%(x — xa(s))
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Genesis: String Theory (KLT) — Quantum Field Theory (BCJ)

@ Bern, Carrasco and Johansson(BCJ) discovered an amazing set of relations between perturbative gravity
scattering amplitudes, and the corresponding gauge theory scattering amplitudes.
(Precursor: Kawai-Lewellen-Tye relations (KLT) in String Theory)

Siddharth Prabhu (ICTS-TIFR) Classical double copy 19/8/2019 5/12



Genesis: String Theory (KLT) — Quantum Field Theory (BCJ)

@ Bern, Carrasco and Johansson(BCJ) discovered an amazing set of relations between perturbative gravity
scattering amplitudes, and the corresponding gauge theory scattering amplitudes.
(Precursor: Kawai-Lewellen-Tye relations (KLT) in String Theory)
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Genesis: String Theory (KLT) — Quantum Field Theory (BCJ)

@ Bern, Carrasco and Johansson(BCJ) discovered an amazing set of relations between perturbative gravity
scattering amplitudes, and the corresponding gauge theory scattering amplitudes.
(Precursor: Kawai-Lewellen-Tye relations (KLT) in String Theory)

@ Example: n-point tree level amplitudes

An-point - NoCo
YM Da

«

with ¢ +tc¢ e =0 (Jacobi identity)
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Genesis: String Theory (KLT) — Quantum Field Theory (BCJ)

@ Bern, Carrasco and Johansson(BCJ) discovered an amazing set of relations between perturbative gravity
scattering amplitudes, and the corresponding gauge theory scattering amplitudes.
(Precursor: Kawai-Lewellen-Tye relations (KLT) in String Theory)

@ Example: n-point tree level amplitudes

AV = ngca with ¢ ¢+t =0  (Jacobi identity)
«

«

Remarkably, the numerators also satisfy n; £ n; & n, = 0.

Color — kinematics

Na Co N An-point — Na Ny
Da grav Da

6 «

n-point
AYM -

e BCJ double copy relations proved for all tree level amplitudes. Highly non-trivial evidence for many loop level
amplitudes.
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A Scalar two-body problem

0 8= [ d'x (30,07 — 417 P05 0,5 0ce
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A Scalar two-body problem

0 8= [ d'x (30,07 — 417 P05 0,5 0ce

@ Calculate classical equations of motion, scalar
radiation emitted

o (g% = yJ?3(x)
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A Scalar two-body problem

0 8= [ d'x (30,07 — 417 P05 0,5 0ce

@ Calculate classical equations of motion, scalar
radiation emitted

o (g% = yJ?3(x)

° J(x) = Jp(x) + Jjdu(x)
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A Scalar two-body problem

0 8= [ d'x (30,07 — 417 P05 0,5 0ce

@ Calculate classical equations of motion, scalar
radiation emitted

o (g% = yJ?3(x)
© J2(x) = S5 (x) + S (%)

1)

ai abc £53b¢ 1 bb 1 cé
o Jidy = —ff9¢
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A Scalar two-body problem

0 S — f d*x <% M¢a§)2 o %fabc f556¢85 ¢b5 ¢c6)

@ Calculate classical equations of motion, scalar
radiation emitted

o (g% = yJ?3(x)
o J(x) = J3(x) + JEy(x)
° Jfleld _ fabcf556¢b5¢c6

o Ji(x) =3, [ dsci(s)Ei(s)d(x — xa(s))
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A Scalar two-body problem

0 S — f d*x <% M¢a§)2 o %fabc f556¢a§ ¢b5 ¢c6>

@ Calculate classical equations of motion, scalar
radiation emitted

o (g% = yJ?3(x)

o J(x) = J3(x) + JEy(x)
° Jf/eld — __fabc f556¢b5¢c6

o Ji(x) =3, [ dsci(s)Ei(s)d(x — xa(s))
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Hierarchy of simplicity

Theory

Observe radiation of

Degrees of freedom
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Degrees of freedom

Gravity
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Hierarchy of simplicity

Theory

Observe radiation of

Degrees of freedom

Gravity

Gravitons (Spin 2)

Trajectory

Yang-Mills

Gluons (Spin 1)

Trajectory, color charge

Bi-adjoint scalar

Scalars (Spin 0) Trajectory, two kinds of color charge
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The Classical Double Copy for radiation
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The Classical Double Copy

@ Bound sources : Goldberger, Ridgway '17
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The Classical Double Copy

@ Bound sources : Goldberger, Ridgway '17
@ Spinning sources: Goldberger, SP, Li '17; SP, Li '18
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The Classical Double Copy

@ Bound sources : Goldberger, Ridgway '17
@ Spinning sources: Goldberger, SP, Li '17; SP, Li '18
@ NLO in radiation: Chia-Hsien Shen '18
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The Classical Double Copy

@ Bound sources : Goldberger, Ridgway '17
@ Spinning sources: Goldberger, SP, Li '17; SP, Li '18
@ NLO in radiation: Chia-Hsien Shen '18
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Other approaches

The Kerr-Schild Double Copy
@ Schwarzschild ~ (Couloumb)?: Monteiro, O'Connell, White '14
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Other approaches

The Kerr-Schild Double Copy
@ Schwarzschild ~ (Couloumb)?: Monteiro, O'Connell, White '14

@ Various extensions: Luna, R. Monteiro, D. OConnell, C. D. White, '15; A. Luna, R. Monteiro, |. Nicholson, D.
OConnell, C. D. White '16; A. Luna, R. Monteiro, |. Nicholson, A. Ochirov, D. OConnell, N. Westerberg, C.
D.White '17; N. Bahjat-Abbas, A.Luna, C. D. White, '17: Adamo, Casali, Mason, Nekovar '17
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Other approaches

The Kerr-Schild Double Copy
@ Schwarzschild ~ (Couloumb)?: Monteiro, O'Connell, White '14

@ Various extensions: Luna, R. Monteiro, D. OConnell, C. D. White, '15; A. Luna, R. Monteiro, |. Nicholson, D.
OConnell, C. D. White '16; A. Luna, R. Monteiro, |. Nicholson, A. Ochirov, D. OConnell, N. Westerberg, C.
D.White '17; N. Bahjat-Abbas, A.Luna, C. D. White, '17: Adamo, Casali, Mason, Nekovar '17

Classical double copy and scattering amplitudes

@ Luna, Nicholson, Monteiro, OConnell, White '17 ; Cheung, Rothstein, Solon 18; Bern, Cheung, Roiban, Shen,
Solon, Zeng '19, Bautista, Guevara '19, Kosower, Maybee, OConnell '19
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Other approaches

The Kerr-Schild Double Copy
@ Schwarzschild ~ (Couloumb)?: Monteiro, O'Connell, White '14

@ Various extensions: Luna, R. Monteiro, D. OConnell, C. D. White, '15; A. Luna, R. Monteiro, |. Nicholson, D.
OConnell, C. D. White '16; A. Luna, R. Monteiro, |. Nicholson, A. Ochirov, D. OConnell, N. Westerberg, C.
D.White '17; N. Bahjat-Abbas, A.Luna, C. D. White, '17: Adamo, Casali, Mason, Nekovar '17

Classical double copy and scattering amplitudes

@ Luna, Nicholson, Monteiro, OConnell, White '17 ; Cheung, Rothstein, Solon 18; Bern, Cheung, Roiban, Shen,
Solon, Zeng '19, Bautista, Guevara '19, Kosower, Maybee, OConnell '19

Classical double copy from color-kinematics in the soft limit
@ Athira PV, Manu '19
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Towards LIGO

@ Can this approach be used to compute for LIGO?
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Towards LIGO

@ Can this approach be used to compute for LIGO?
Removing the dilaton

@ Luna, Nicholson, Monteiro, OConnell, White '17
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Towards LIGO

@ Can this approach be used to compute for LIGO?
Removing the dilaton

@ Luna, Nicholson, Monteiro, OConnell, White '17

Go to higher orders

Fruitfully combine various approaches?
@ 4 PN potential Cheung, Rothstein, Solon 18;
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Towards LIGO

@ Can this approach be used to compute for LIGO?
Removing the dilaton

@ Luna, Nicholson, Monteiro, OConnell, White '17
Go to higher orders

Fruitfully combine various approaches?

@ 4 PN potential Cheung, Rothstein, Solon 18;
@ 3 PM potential Bern, Cheung, Roiban, Shen, Solon, Zeng '19
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Towards LIGO

@ Can this approach be used to compute for LIGO?
Removing the dilaton

@ Luna, Nicholson, Monteiro, OConnell, White '17

Go to higher orders

Fruitfully combine various approaches?

@ 4 PN potential Cheung, Rothstein, Solon 18;
@ 3 PM potential Bern, Cheung, Roiban, Shen, Solon, Zeng '19

@ Does this work for curved spacetimes? (Ongoing work)
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Thank You!
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