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Deduce Feynman rules from Lagrangian, and compute
Compton amplitude via 4 Feynman diagrams
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The amplitudes satisfy Generalized Ward Identities...
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Use generalized unitarity (Forde’s method) to obtain box and triangle coefficients
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{ Use the Hamiltonian to
§ determine physical
B s Observables

Write equations of motion...
_0OH . OH . OH
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...and solve perturbatively AO,, = /_ dt g7
r(t) = ro(t) + Gri(t) + G?ra(t) + . .. |

p(t) = po(t) + Gpi(t) + G°pa(t) + ...,
S.(t) = Sao(t) + GS,1(t) + G*S, 5(t) + ...

a=1,2

,f.




B RE 5>, ), 7 : ]
R e o ., |
l\'.’
A . >~ SR
& - = O €T 2L i
Oy <=
o ea e
<~ "~ @b B

Cut the middleman!



N

|
|
| .
| Dout going

Physical observables (directly) from Amplitudes

Boundary2Bound (Kalin, Liu, Porto),

KMOC (+Vines, Cristofoli),

Eikonal (ACV, DiVecchia, Heissenberg, Russo, Bjerrum-Bohr, Damgaard, Cristofoli,
Bern, Parra-Martinez, Ruf, Zeng, GOV, ...)

Several other contributors (some of them in the audience(?) | apologize in advance...
Talks by: Donal, Ben, Gabriele, Julio, Carlo, Rafael, Andrea, Gregor, Jung-Wook
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Eikonal phase-like object. Fourier
transform to impact parameter space of
the (triangle part) of the amplitude.
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(* ::Package:: *)

(*
Ancillary file for "Spinning Black Hole Binary Dynamics, Scattering
Amplitudes and Effective Field Theory" by Z. Bern, A. Luna, R. Roiban,
C.-H. Shen and M. Zeng

Impulse and spin kick through 0(G*2) from the solution to the equations of
motion

of the S1-S2 Hamiltonian. Only terms linear in the spin of each particle are
displayed,

including S1-S2 terms.

Impulse: DeltaP = G DeltaPl + G2 DeltaP2
Spin kick for particle 1: DeltaS[l] = G DeltaS[l, 1] + G"2 DeltasS[l, 2]
and the spin kick for particle 2, DeltaS[2], is obtained by switching labels

Notation:

ml, m2: mass of particle 1, 2

El, E2: energy of particle 1, 2

E12 = E1+E2

gammal = El/ml

gamma2 = E2/m2

sigma = (pl.p2)/(ml m2) = (E1 E2 + pSq)/(ml m2)
xi = El E2/E12"2

B = {bx, by, bz} impact parameter. For Fig. 11 of paper, B = (-b, 0, 0)
P: incoming three momentum p in CM frame. For Fig. 11 of paper, P = pinfty =
(0, 0, Ip_\inftyl)
Lin = B x P (x is cross product) .
S[1], S[2] : three vector spin of particle 1, 2 in rest frame of each
particle.
Sperp[l], Sperp[2] : projection of the rest frame three vector spin of
particle 1, 2 to be orthogonal

the incoming three-momentum p in CM frame.
See Eq. (7.13) of paper.
L: norm of Lin
pSq: p~2 of incoming three momentum p in CM frame
bSqg : square of the impact parameter vector B

dot[A, B] : scalar product of the 3-dimensional vectors A and B
cross[A, B] : cross product of the 3-dimensional vectors A and B

c0[{i,j}, 1] and cO0[{i,j}, 2] are the position space Hamiltonian
coefficients c[{i,j}, 1] and c[{i,j}, 2] in Eq.
(6.36)
evaluated on the incoming three momentum p in
CM frame.
cl{i, 3}, 1] : Egs. (6.37)
cl[{i,3}, 2] : Egs. (6.38)
Explicit expressions for cO[{i,j}, 1] and c0[{i,j}, 2] are obtained by
evaluating c[{i,j}, 1] and c[{i,j}, 2] in
the ancillary file coefficients.m on the incoming three-momentum p.

c0[{i,j}, 1, 1] : derivative of cO[{i,j}, 1] with respect to p"2
c0[{i,j}, 2, 1] : derivative of cO[{i,j}, 2] with respect to p"2

AXFunction = {AX[nl_, n2_, n3_, XX_] :> (n2 pSq (1 - 3 xi) + E12”2 n3 xi~2)
XX + E1272 nl pSqg xi”2 DD[XX]}:

EvaluateDD = {DD[(RA_.) cO[a_, b_] cO[c_, d_]] :> AA (cO[a, b, 1] cO[c, d] +
1

c0(a, b] cOlc, d, 1]), DD[(RA_.) cO[a_, b_]"2
bl)}:

:> 2 BAA (cO[a, b, 1] cO[a,

NoSDeltaPl = (2 B E12 xi c0[{0}, 1])/(Sqrt[bsqg] L):

SODeltaPl = -((2 E12 xi cO[{1, 1}, 1] cross[P, S[1]])/(Sgrt([bsq] L)) - (
2 E12 xi c0[{1, 2}, 1] cross[P, S[2]])/(Sgrt[bSqg] L) + (
4 B E12 xi c0[{1, 1}, 1] dot[Lin, S[1]])/(bSq~(3/2) L) + (
4 B E12 xi c0[{1, 2}, 1] dot[Lin, S[2]])/(bSQg~(3/2) L);
SoplDeltaPl = B ((16 E12 xi cO[{2, 1}, 1] dot[B, S[1]] dot[B, S[21])/(
3 bsg~(5/2) L) + (
4 E12 xi c0[{2, 1}, 1] dot[P, S[1]] dot[P, S[2]])/(
3 sgrt[bsq]l L”3)) - (
4 E12 xi c0[{2, 1}, 1] dot[B, S[2]] Sperp[l])/(3 bSg~(3/2) L) - (
4 E12 xi c0[{2, 1}, 1] dot[B, S[1]] Sperp(2])/(3 bSq~(3/2) L):
SOp2DeltaPl = (4 B E12 xi c0[{2, 2}, 1] dot[sS[1], S[2]])/(bSq~(3/2) L):
SOp3DeltaPl = (4 B E12 xi c0[{2, 3}, 1] dot[P, S[1]] dot[P,
S[211) / (bSq” (3/2) L):

NoSDeltaP2 = ~-((2 bSqg E1272 P xi”2 cO[{0}, 1]72)/L*4) - (
B \[Pi] (AX[2, 1, O, cO[{0}, 1]72] - 2 E12 pSq xi cO[{0}, 21))/(
2 L"3);

SODeltaP2l = (\[Pi] (-AX[2, 1, 2, cO[{0}, 1] cO[{1, 1}, 1]] +
El12 pSq xi cO0[{1, 1}, 2]) cross[P,
s[1]11)/1~3 + (\[Pi] (-AX[2, 1, 2, cO[{0}, 1] cO[{1, 2}, 1]] +
E12 pSq xi c0[{1l, 2}, 2]) cross[P, S[2]1])/L"3 +
P (-((4 E127°2 xi~2 cO[{0}, 1] cO[{1, 1}, 1] dot[Lin, S[1]])/L"4) - (
4 E1272 xi”2 cO0[{0}, 1] <O0[{1, 2}, 1] dot[Lin, S[2]])/L"4) +
Lin ((3 \[Pi] (-AX[2, 1, 2, cO[{0}, 1] <cO[{1l, 1}, 1]] +
E12 pSq xi cO[{1, 1}, 2]) dot[B, S[1]])/(2 bSq L"3) + (
3 \[Pi] (-AX[2, 1, 2, cO[{0}, 1] cO[{1, 2}, 1]] +
E12 pSq xi cO[{l, 2}, 2]) dot[B, S[2]1)/(2 bSq L 3) - (
2 E1272 xi”2 cO[{1, 1}, 1] (2 cO[{0}, 1] + pSqg cO[{1l, 1}, 1]) dot[
P, S[1]1)/L*4 - |
2 E1272 xi”2 cO[{1, 2}, 1] (2 cO[{0}, 1] + pSqg cO[{1, 2}, 1]) dot[
P, S[2]11)/1"4);
SODeltaP22 = -((2 E127~2 xi”~2 cO0[{1, 1}, 1] cO[{1, 2}, 1] cross[S[1l],
cross[P, S[2]]])/(bSq L"2)) - (
2 E1272 xi*2 cO0[{1, 1}, 1] <O[{1, 2}, 1] cross[S[2],
cross[P, S[1]1]])/(bSqg L"2) +
B ((3 \[Pi] AX[2, 1, 4, cO[{1, 1}, 1] <O[{1l, 2}, 1]] dot[B,
S[1]] dot[B, S[2]])/(4 bSg~3 L) - (
9 \[Pi] AX[2, 1, 4, cO[{1, 1}, 1] cO[{1, 2}, 1]] dot[Lin,
S[1]] dot[Lin, S[2]])/(8 bSq*2 L*3)) +
Lin (-((8 E1272 xi”2 cO[{1, 1}, 1] cO[{1, 2}, 1] dot[Lin, S[2]] dot[
P, S[111)/(bSq L*4)) - (
8 E1272 xi*2 cO[{1, 1}, 1] c0[{1, 2}, 1] dot[Lin, S[1]] dot[P,
S[2]1)/(bSq L"4)) - (
3 \[Pi] AX[2, 1, 4, cO[{1, 1}, 1] <O[{1, 2}, 1]] dot[B, S[2]] Sperp[

11)/(8 bsg*2 L) - (
3 \[Pi] AX[2, 1, 4, cO[{1, 1}, 1] cO[{1, 2}, 1]] dot[B, S[1]] Sperpl
21)/(8 bSq*2 L):
SOplDeltaP2 = (2 E1272 xi”2 c0[{0}, 1] <0[{2, 1}, 1] cross[S[1l], cross[P,
s[2111 /¢
3 L) + (
2 E1272 xi~2 cO0[{0}, 1] cO[{2, 1}, 1] cross[S[2], cross[P, S[1]11])/(
3 L"4) + Lin ((
8 E1272 xi”2 cO0[{0}, 1] cO[{2, 1}, 1] dot[Lin, S[2]] dot[P,
S[111)/(3 176) + (
8 E1272 xi”2 cO0[{0}, 1] cO[{2, 1}, 1] dot[Lin, S[1]] dot[P,
S[2]11)/(3 L"6)) +
B \[Pi] ((
15 (-ax[2, 1, 4/3, 1/2 cO0[{0}, 1] cO[{2, 1}, 1]] +
1/2 E12 pSq xi c0[{2, 1}, 2]) dot[B, S[1l]] dot[B, S[2]])/(
4 bsg*2 L"3) + (
3 (-Ax[2, 1, 4, 1/2 cO[{0}, 1] cO[{2, 1}, 1]] +
1/2 E12 pSq xi c0[{2, 1}, 2]) dot[P, S[1]] dot[P, S[2]])/(
4 L"5)) +
P (-((16 E12”2 xi”*2 c0[{0}, 1] cO0[{2, 1}, 1] dot[B, S[1]] dot[B,
5[2]11)/(3 bsq L™4)) - (
4 bSq E1272 xi”2 c0[{0}, 1] cO0[{2, 1}, 1] dot[P, S[1]] dot[P,
S[211)/(3 16) - (
4 E1272 xi”*2 c0[{0}, 1] cO[{2, 1}, 1] dot[S[1l], S[2]1]1)/(
3 L)) + (
3 \[Pi] (AX[2, 1, 4/3, 1/2 cO0[{0}, 1] <cO[{2, 1}, 111 -
1/2 E12 pSq xi c0[{2, 1}, 2]) dot[B, S[2]] Sperp[1])/(
4 bSq L*3) + (
3 \[Pi] (AX[2, 1, 4/3, 1/2 cO[{0}, 1] cO[{2, 1}, 1]] -
1/2 E12 pSq xi c0[{2, 1}, 2]) dot[B, S[1]] Sperp[2])/(4 bSq L*3);
SOp2DeltaP2 = -((4 E1272 xi”2 c0[{0}, 1] cO[{2, 2}, 1] cross[S[l], cross[P,
s[2111)/
L~4) - (4 E1272 xi”2 c0[{0}, 1] cO0[{2, 2}, 1] cross[S[2],
cross[P, S[1]1])/L"4 + (
3 B \[Pi] (-AX[2, 1, 2, 1/2 cO[{0}, 1] cO[{2, 2}, 1]] +
1/2 E12 pSq xi c0[{2, 2}, 2]) dot[S[1l], S[2]])/(bSg L"3) - (
4 E1272 xi~2 cO[{0}, 1] cO[{2, 2}, 1] dot[P, S[2]] S[L])/L 4 - (
4 E1272 xi”*2 c0[{0}, 1] <cO0[{2, 2}, 1] dot[P, S[1]] S[2])/L"4;
SOp3DeltaP2 = -((8 E1272 P xi”2 cO[{0}, 1] cO[{2, 3}, 1] dot[P, S[1l]] dot[P,
s[z21n/
L*) + B (-((
3 \[pi] AX[2, 1, 4, 1/2 cO[{0}, 1] cO[{2, 3}, 1]] dot[P,
S[1]] dot[P, S[2]])/(bSq L"3)) + (
3 E12 \[Pi] xi cO[{2, 3}, 2] dot[P, S[1]] dot[P, S[2]])/(
2 bSq*2 L)) + (
2 E1272 xi”2 c0[{0}, 1] cO[{2, 3}, 1] dot[P, S[2]] Sperp[l])/(
bSq L 2) + (
2 E1272 xi~2 cO0[{0}, 1] cO[{2, 3}, 1] dot[P, S[1]] Sperp([2])/(
bsq L~2):
MixedDeltaP2 = cross[Lin,
S[2]] ((4 E1272 xi*2 (-cO[{1, 1}, 1] + cO[{1l, 2}, 1]) cO[{2, 1},
1] dot[B, S[1]1])/(3 bSg"2 L 2) + (
3 E12~2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1}
1] dot[P, S[1]1])/(16 bSg L"3)) +
cross[Lin,
S[11] ((4 E1272 xi~2 (cO[{1, 1}, 1] - cO[{1, 2}, 11) cO[{2, 1},
1] dot[B, S[2]1]1)/(3 bSq*2 L*2) + (

3 E12°2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{l, 2}, 1]) cO[{2, 1},
1] dot[P, S[2]1)/(16 bSg L"3)) +
Lin (-((5 E12°2 \[Pi] xi"2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1},
1] dot[B, S[2]] dot[Lin, S[1]])/(16 bSg"2 L"3)) - (
5 E12°2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1},
1] dot([B, S[1]] dot[Lin, S[2]])/(16 bSg*2 L*3) + (
4 E12°2 xi*2 (c0[{1, 1}, 1] + cO[{1, 2}, 1]) €0[{2, 1}, 1] dotl
Lin, S[2]] dot[P, S[1]])/(3 bSq L"4) + (
4 E12°2 xi*2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1}, 1] dotl
Lin, S[1]] dot[P, S[2]1)/(3 bSq L"4)) - (
3 E12°2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1}, 1] dot[
B, S[2]1] S[1])/(16 bSg*2 L) - (
3 E12°2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{l, 2}, 1]) cO[{2, 1}, 1] dot[
B, S[1]] si21)/¢(
16 bSg"2 L) + ((
3 E12°2 \[Pi] xi*2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1},
1] dot[B, S[2]1)/(8 bSa*2 L) - (
4 E12°2 xi*2 (3/2 cO[{1, 2}, 1] cO[{2, 2}, 1] +
cori1, 1},
1] (1/2 co0[i2, 1}, 1] -
3 (1/2 cO[{2, 2}, 1] + 1/2 pSq cO[{2, 3}, 1]))) dot[P,
5[211)/(3 bSq L"2)) Sperpl
1] + ((3 E12°2 \[Pi] xi"2 (cO[{l, 1}, 1] + cO[{l, 2}, 1]) cO[{2,
1}, 1] dot[B, S[1]1])/(8 bSg"2 L) - (
4 E12°2 xi*2 (3/2 cO[{1, 1}, 1] cO[{2, 2}, 1] +
co[{1, 21,
1] (1/2 co0[{2, 1}, 1] -
3 (1/2 cO[{2, 2}, 1] + 1/2 pSq c0[{2, 3}, 1]))) dot[P,
S[111)/(3 bSg L"2)) Sperpl2]:

SODeltaSil = (2 E12 xi cO[{1, 1}, 1] cross[Lin, S[1]])/(Sqgrt[bSqg] L):
SOplDeltaSlil = -((4 E12 xi c0[{2, 1}, 1] cross[S[1], S[2]])/(3 Sqrt[bSq]
L)) -«

4 E12 xi c0[{2, 1}, 1] cross[Lin, S[1]] dot[Lin, S[2]])/(

3 Sgrt[bSg] L"3) - (

2 Sqrt[bSq] E12 xi cO[{2, 1}, 1] cross[P, S[1]] dot[P, S[2]])/(3 L"3) :
SOp2DeltaSll = -((2 E12 xi cO[{2, 2}, 1] cross[S[1], S[2]])/(Sgrt[bSg] L)):
SOp3DeltaSil = (2 E12 xi cO[{2, 3}, 1] cross[P, S[1]] dot[P,
S[2]1)/(Sqrt[bsSq] L):

SODeltaS1i21 = P (-((\[Pi] (AX[2, 1, 2, cO[{0}, 1] cO[{1, 1}, 1]] -
E12 pSg xi cO[{l, 1}, 2]) dot[B, S[111)/(2 L"3)) - (
2 E12”2 xi”2 cO[{1, 1}, 1]"°2 dot[P, S[1]])/L"2) +
B (-((2 E1272 xi”2 cO[{1, 1}, 1]"2 dot[B, S[1]1])/
bsg”2) + (\[Pi] (AX[2, 1, 2, cO[{0}, 1] cO[{1, 1}, 1]] -
E12 pSqg xi cO0[{1, 1}, 2]) dot[P, S[1]])/(2 L"3)):
SODeltas122 = (2 E12”2 xi”~2 cO[{1, 1}, 1] cO[{1, 2}, 1] cross[S[1],
cross[Lin, S[2]]])/(bSqg L"2) - (
3 \[Pi] AX[2, 1, 4, cO[{1, 1}, 1] cO[{1, 2}, 1]] cross[Lin,
S[1]] dot[Lin, S[2]])/(8 bSqg L"3);
SOpiDeltaSi2 = -((2 E12°2 xi“2 cO0[{0}, 1] cO[{2, 1}, 1] cross[S[1],
cross([Lin, S[2]]])/(3 L"4)) + (
3 \[Pi] (AX[2, 1, 4/3, 1/2 cO[{0}, 1] cO[{2, 1}, 1]] -
1/2 E12 pSqg xi cO0[{2, 1}, 2]) cross[S[1], S[2]11)/(4 L"3) + (
3 \[Pi] (AX[2, 1, 4/3, 1/2 cO[{0}, 1] cO[{2, 1}, 1]] -
1/2 E12 pSq xi c0[{2, 1}, 2]) cross[Lin, S[1]] dot[Lin, S[2]])/(

4 L"5) + cross[P,
S[1]] (-((4 E12"2 xi"2 cO0[{0}, 1] cO[{2, 1}, 1] dot[B, S[2]1])/(
3 L"4)) + (
bSg \[Pi] (AX[2, 1, O, 1/2 cO[{0}, 1] cO[{2, 1}, 1]] -

1/2 E12 pSq xi c0[{2, 1}, 2]) dot[P, S[2]])/(2 L"S)):
SOp2DeltaSi2 = \[Pi] (AX[2, 1, 2, 1/2 cO[{0}, 1] c0[{2, 2}, 1]1]/L"3 - (
E12 xi c0[{2, 2}, 2])/(2 bSqg L)) cross[S[1], S[2]]:

SOp3DeltaSi2 = (2 E12°2 xi”2 c0[{0}, 1] cO[{2, 3}, 1] cross[S[1],
cross[Lin, S[2]1])/(bSq L"2) +
cross[P, S[1]] ((
4 E12°2 xi*2 c0[{0}, 1] cO[{2, 3}, 1] dot[B, S[21])/(
bSg L"2) - (\[Pi] AX[2, 1, 4, 1/2 cO[{0}, 1] cO[{2, 3}, 1]] dot[P,
S[2]1])/L"3 + (E12 \[Pi] xi cO[{2, 3}, 2] dot[P, S[2]])/(
2 bSq L))

MixedDeltaSi2 = -1/(3 bSqg L"2)*
4 E12"2 xi”®2 (cO[{1, 2}, 1] (cO[{2, 1}, 1] + 3/2 cO[{2, 2}, 1]) +
co[{1, 1},
1] (1/2 cO[{2, 1}, 1] +
3 (1/2 cO[{2, 2}, 1] + 1/2 pSqg cO[{2, 3}, 1]))) cross[S[1],
cross[Lin, S([2]]] - (
E1272 \[Pi] xi”2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1}, 1] cross[
S[1], S[211)/(8 bSq L) - (
E1272 \[Pi] xi”2 (cO[{1, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1}, 1] cross[
Lin, S[1]] dot[Lin, S[2]])/(8 bSg L"3) +
cross[P, S[1]1]1 ((
4 E1272 xi”®2 (cO0[{1, 1}, 1] - cO[{1, 2}, 1]) (1/2 cO[{2, 1}, 1] -
3/2 pSq c0[{2, 3}, 1]) dot[B, S[2]])/(3 bSg L"2) - (
E1272 \[Pi] xi*2 (cO[{1l, 1}, 1] + cO[{1, 2}, 1]) cO[{2, 1},
1] dot[P, S5[2]1])/(4 L"3)) +
Lin ((8 E12"2 xi”2 cO[{1, 1},
1] (cO[{2, 1}, 1] + 3/2 cO[{2, 2}, 1]) dot[B, S[1]] dot[B,
S[211)/(3 bSg”2 L"2) + (
E1272 xi”2 cO[{1, 1}, 1] cO[{2, 2}, 1] dot[Lin, S[1]] dot[Lin,
S5[211)/(bSg L"4) + (
E12°2 xi”*2 cO[{1, 1},
1] (1/2 co[{2, 1}, 1] +
3 (1/2 cO[{2, 2}, 1] + 1/2 pSqg cO[{2, 3}, 1])) dot[P,
S[1]] dot(P, S5[2]])/(3 L"4)) - (
4 E12”°2 xi”2 cO[{1, 1}, 1] cO[{2, 2}, 1] dot[Lin, S[2]] S[1])/(
bsg L"2);

DeltaPl = NoSDeltaPl + SODeltaPl + SOplDeltaPl + SOp2DeltaPl + SOp3DeltaPl;
DeltaP2 = NoSDeltaP2 + SODeltaP21+ SODeltaP22 + SOplDeltaP2 + SOp2DeltaP2 +
SOp3DeltaP2 + MixedDeltaP2;

DeltasS([1i, 1] SODeltaSll + SOplDeltaSil + SOp2DeltaSlil + SOp3DeltaSil;
Deltas[1i, 2] SODeltaS121 + SODeltaS122 + SOplDeltaS12 + SOp2DeltaSi2 +
SOp3DeltaS12 + MixedDeltaS12;

(* The final impulse and spin kick *)

DeltaP = G DeltaPl + G*2 DeltaP2 ;
DeltaS[1] = G DeltaS[1, 1] + G*2 DeltaS[i, 2] :




512 Hamiltonian

w/ D Kosmopoulos (UCLA)



An effective Lagrangian encoding higher order spin interactions (Porto, Rothstein;
Levi, Steinhoff). To tree-level, reproduce Kerr. What about loops?
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From this Lagrangian, we can deduce Feynman rules...
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...and compute the Compton amplitude. For the non-minimally coupled:
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Unlike the minimal coupling, there is no GWI and the sum over states
results in a projector with light cone terms.
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| pick convenient reference vectors to perform the sewing



2 2

a2 2 2Q2 2 2 _ : — (p2 Sl)

= m3(950° — 7)q*S7 — 5mi(70? —1)(q- S1)* + 2m7 (6507 1)m2(02 — 1)
¢*(p2 - S1)°

= = miCps2(950" — 1020° 4 23)¢° ST — m{Crs2(1550" — 1740° + 35)(q - S1)°

QQ(p2 . 51)2

2 4 2
+ 2miCEgs2 (650" — 660~ + 17) 2 (0 — 1)

= 4m5Cps2 (150" — 130°% + 2)¢*S? — 4m5CRge2 (300" — 290° + 3)(q - S;)°

q¢°(p2 - S1)°

m3(0? — 1)

+ 4m2Cps2 (150* — 1007 + 3)2






Al

<)
ey
&
|







Check: NNLO Hamiltonian

S? Hamiltonian is known up to NNLO in PN
mm  (Levi-Steinhoff 16, from EFTofPNG).

gg::f:f;\?v:::i;?\rz:g;,f dynamics for inspiralling compact binaries with spins at fourth TO CO m pare Wit h (Overl ap pi n g parts Of)
them, we may compute Amplitudes from the

| | ] ]
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Checks: Test body Hamiltonian

S? Hamiltonians is known to all
orders in PN, In a test-body limit
(Hinderer, Steinhoff, Vines ’16).
To compare with (overlapping
parts of) it, we may

compute Amplitudes using EFT.

XXX
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Canonical Hamiltonian for an extended test body in curved spacetime: To quadratic order in spin

Justin Vines, Daniela Kunst, Jan Steinhoff, Tanja Hinderer
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Moving forward...

...amplitudes become increasingly cumbersome.

We need a better way to compute them:
Massive spinor helicity?
Geodesic equations?

How much can we exploit them if we aim to keep
the Wilson coefficients Cpq», etc. arbitrary.

Could double copy help?



Note added: Rafael’s results

,_q-r .oundaryz ound & PM EFT

Rafael 11:36 AM

). @Chia-Hsien Shen @Andres Luna @Justin Vines as you can see in the slides we computed the one-loop
with spin and re-derived your result (but in covariant gauge!) for the impulse (and spin kick) for spin-orbit
and spinl-spin2 generic orientation and computed --we believe for the first time -- the spinl1-spinl finite
size effects for any compact object (C_ES”2 \neq 1). We also obtained the scattering angle for aligned-
spins and confirm the one-loop result for Kerr. We have extended the B2B for spin along the lines of
1911, which allows us to obtain binding energy, etc. We also confirmed the map to periastron now
including finite-size effects. (footnote, the typo we thought originally in Schaefer's paper is actually much
milder than we thought when we compared the Kerr case, it's just a factor of a 1/2 for generic C_ES”2).
We are working in understanding how to B2B the additional angle, but I'm happy with aligned-spins for
now. (Of course, we can also compute a Hamiltonian, but | rather not (25 ) (edited)



Summary and Outlook

 \We've developed a formalism to compute spin Hamiltonians
from scattering amplitudes and Effective field theory

» We obtain an Eikonal-like formula. Need to prove/testit AQ = e P[0, "]
« We computed S12 amplitude, Hamiltonian

 EXxplore relations, cross-checks with Porto+'s PM-EFT

e QOutlook: More spin (S 3 comparisons with Levi(?) and GOV),

more loops (2-loops seems within reach), double copy (QED?
YM?)



Thank you!



QED meets Gravity

w/ T Scheopner (UCLA)



An effective action of higher spin fields coupled to photons

1 a a, v
L= ZF’“’F oH
_1 = C 77#01/0

22nm4n N1V1P101 : ’€H2nV2nP2n0'2n

DWopm D, Sym[MP1, ... MPmom| DD DY
1 > C,

2
T §m Z 2214 4n Cpavipion - - - Cponvanpanoan

D DH2n)(psgSym[Mp10'1, o ’Mp2n0'2n]D(V1 o DVzn)(psg

E
Z n
u 5 D21 4n Cuvipion - - - Cpanvanpanoan

DWW . DM, Sym[M,,,, F*", MPt, ... Mo D DMy,
lts three-point interaction double copies to that of the gravitationally coupled
spinning particle.

It also reproduces 4/ Kerr...
What is the relation to the effective action in Ben and Donal’s talks...



What about Compton?

For minimal coupling, we know the double copy (KLT-like) relation

iM(15,25, 3" 4h) = — 4G PL B3PI TP 410 90 34 44y A(15 95 34 44)

P3 - P4
Where the amplitude comes from the Lagrangian
1 _ _ _
L:s,EM — _ZFNVFMV + DL¢SD“¢S T m2¢s§bs T e(g o 1)FMV¢3M“V¢S

How do | need to adjust for the non-minimal coupling?...



