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Motivation

Burst in Gravitational Waves physics...

Hanford, Washington (H1) Livingston, Louisiana (L1)

MMW\/\/\AWWWM\/\/\/WW LIGO/Virgo have accumulated on

R ] BH - BH merger
It — BH - NS merger
NS - NS merger
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-1.0n Numerical relativity

Reconstructed (wavelet)
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2 0 Accurate description of
S Binary Inspiral dynamics
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How can we use QFT methods to describe the binary inspiral problem?



[Figure from Antelis and Moreno, [1610.03567]

Motivation
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Post — Newtonian Numerical Perturbation
Theory Relativity Theory

radicional methods: EOB formalism [Buonanno Damour 99']

G
Post-Newtonian (PN): 1> Tm ~
QFT approach:
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[Figure from Antelis and Moreno, [1610.03567]

Motivation

Inspiral Merger Ringdown
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Post — Newtonian Numerical Perturbation
Theory Relativity Theory

radicional methods: EOB formalism [Buonanno Damour 99']

G
Post-Newtonian (PN): 1> Tm ~ We focus on the
| scattering at 1PM (tree-level)
QFT approach: - all-order in spin
Post-Minkowskian (PM): 1> —,  v? ~1
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[Cheung, Rothstein, Solon,19’]
From Amplitudes to Hamiltonians (or potentials)

Two-body bounded problem Scattering problem

Effective theory Full theory
V(p,q) Afan
h — 0
Matching

AgrT(p, q) — A(p, q)




Buonanno’s slide at Gravitational scattering, inspiral and radiation 2021

Comparison between PMs and NR binding energies

*2-body non-spinning (local-in-time) Hamiltonian at 4PM order computed using scattering-amplitude methods.
(Cheung et al. I8,Bern et al. 19, Bernetal 21)

eCrucial to push PM calculations at higher order, and resum them in EOB formalism.
(Damour 19, Antonelli, AB, Steinhoff, van de Meent & Vines |9, Khalil, AB, Steinhoff & Vines in prep 21)

GW cveles before merger GW cveles before merger
. O . o

Encouraging (local-in-time) 4PM results!
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Buonanno’s slide at Gravitational scattering, inspiral and radiation 2021

GW cycles before merger
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Long Range Gravitational Scattering Holstein, Ross 081

— dgq —iq-7
VC(¥1>(T) — _/ (27_‘_)3'/\/1(@6 !

spin-0 x spin-0 scattering:

Gmamb

TAAAAN ZGEE 14— (1 | 3(7””’”")2) +... (monopole)

\\ r | mamb




Long Range Gravitational Scattering Holstein, Ross 081

— dgq —iq-7
VC(¥1>(T) — _/ (27_‘_)3'/\/1(@6 !

spin-0 x spin-0 scattering:

\‘ , 01 (1) _ Gmgmy - , p’ , 3(mq +my)° -
AAANA Ve (7) — " (1 o )+ (monopole)
Spin-0 x spin-1/2 scattering:
- i I (dipole/
- % (1) /= ™m,my | m, my - = : :
, o (F) = X+ S °L- S, spin-orbit)



Long Range Gravitational Scattering Holstein, Ross 081

— dgq —iq-7
VC(¥1>(T) — _/ (27_‘_)3'/\/1(@6 !

spin-0 x spin-0 scattering:

\‘ , 01 (1) _ Gmgmy - , p’ , 3(mq +my)° -
AAAAS Ve () — o (1 P )+ (monopole)
Spin-0 x spin-1/2 scattering:
- i I (dipole/
R 1 _ mMaM Mg S o : :
, Ve (7)) = b2 + = LY S spin-orbit)
r r 2my,

How do we obtain all the multipoles” Scattering observables...



Pictorically...

P# 4+ AP

®
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Py

Classical limit: A — 0
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N / 6 (20) 21200 (21)

ob,
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Pictorically...

P# 4+ APF

®

b

&

Py

Classical limit: A — 0

9,
N / 6 (20) 21200 (21)

ob,

Pa,Pb

The KMOC formalism:
- quantum expectation values
- chosen Initlal guantum states
- classical observables when A — 0
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Pictorically...

P# 4+ APF

®

b

&

Py

Classical limit: A — 0

/] ! D
plva p27ﬁ

P1, & p27ﬂ

Scattering of two coherent-spin
states mediated by a graviton

Factorizes into two three-points.

15



Pictorically...

P# 4+ AP

Coherent amplitude as a coherent sum of definite-spin amplitudes

Classical limit: A

— 0

p275

P, &

— e lalP+8I1*)/2 Z

81,52

(Bb) ®2s89 (aa)®231 |

\/(281)'(282)'

p2,{b}

pla{a}
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Definite-spin amplitudes

p?a{b}

p1,{a}

17



Why do we use the spinor-helicity formalism?

p Off-shell Feynman Rules:

Four-momenta, polarization vectors/tensors and Dirac spinors

P e (pi) " (p)  B(pi) u(ps)

Gauge-dependent terms, uses the SO(1,3) Lorentz group

Difficult to go to higher-spins

P On-shell amplitudes:

spinor-helicity building blocks (i%5%) [i%}°]

Gauge-independent terms, uses particles’ little-group

U(1) massless
SU(2) massive

18



Definite-spin amplitudes - Spinor-helicity formalism
[Arkani-Hamed, Huang, Huang 2017]
[Ochirov 2018]

Little-group: SU(2) labels a,b=1,2

Split the four-momenta into two Weyl spinors

Pap = Pu0h; = Apa€ab s = [0%)alPal ;

Spin-1/2 Spin-1
Aa _ (D% 1P oulp?]
i (\Pﬂ) 5pz — \/5:;1

19



Definite-spin amplitudes - Spinor-helicity formalism
[Arkani-Hamed, Huang, Huang 2017]
[Ochirov 2018]

Little-group: SU(2) labels a,b=1,2

Split the four-momenta into two Weyl spinors Similar for massless. Little group U(1)

kaB = ko, = ‘k>a[k‘5'a

L a \b _ |.,.a —
paﬁ - p,uo";j;ﬁ. — )\pa€ab)\p5' — ‘p >a[pa‘5' af
Spin-1/2 Spin-1 Spin-1
a . 1 {q|c"|p 1 [q5*|p)
i (\p“]> “on = Z<p \gglp | T V2 (an) TV

20



Definite-spin amplitudes

Little-group: SU(2) labels a,b=1,2

Split the four-momenta into two Weyl spinors
D5 =DPu0" . =A% e\ = PN a[pal;
af ! afB patab pB = a|Malg

Spin-1
Aa ‘pa> a
A (‘Pﬂ) 5192

—xample (spin-1/2): minimal coupling

i(p\]o|p”)

V2m

g
A( 2¢73+) ﬁ%V“ug :(Q) —

- Spinor-helicity formalism

[Arkani-Hamed, Huang, Huang 2017]

Similar for massless.

ittle group U(1)

[Ochirov 2018]

k 5—ku0aﬂ k)alk|g,
Spin-1
oo L (qlo*|p] o _ _ L [gl"|p)
T V2 (ap) T V2 lap
where
. . >
igx (1%2°) = gg'q?;] = \;—(pl €3)

21



|[Arkani-Hamed, Huang, Huang 2017]

Two massive vectors couplings

b aY
Two massive spin-1 and a graviton: A;[Ili};l{a} — 5 <2b1a>®2:1:2
24/ 2
WW=~  inthe SM Ag’i{a} — V256 <261a>®2$
Ty U
1a) = a1, 0z}

®2 symmetrization

22



|[Arkani-Hamed, Huang, Huang 2017]

Definite-spin scattering amplitudes

Spin-2s: 2s indices

Using the particles’ little-group: minimal coupling with a graviton 1a} = 1a1,az, ..., azs}

28 izati
Best behavior in the high-energy limit ©2s symmetrization

p2,1b} b 525
) 0){b K (2°1,)
Afm)r;{ }{a}(pz,s\pl,s;k, +) = 2 m?2s—2 z”,
p1,1a}
_ Kklpalr) _ mlkr] V2, o [V2 o T
k) k]~ m )T [ P

*Non-minimal later!

*Similar for positive helicities Use definite-spin amplitudes to contract with coherent sates
23



Pictorically...

P# 4+ AP

Coherent amplitude as a coherent sum of definite-spin amplitudes

Classical limit: A

— 0

p27B

P, &

— e lalP+8I1*)/2 Z

81,52

(Bb) ®2s89 (aa)®231 |

\/(281)'(282)'

p2,{b}

pla{a}
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Coherent states and
Coherent scattering amplitudes

25



Why coherent-states?

Provide a rigorous framework for quantum-classical transitions

. , . SU(2 o
Schwinger’s construction (2) Massive little-group of
for spin-coherent sates € > definite-momenta amplitudes
[Schwinger 1952] [Arkani-Hamed, Huang, Huang 2017]

Contract with the LG index of definite-spin amplitudes

We want to identify the classical spin from spin-coherent states

We employ the KMOC formalism with the aid of coherent-states

26



Classical coherent states

Quantum Harmonic Oscillator
H:hw(aTa—l—l/Q) —_— F,=hw(n+1/2)

NN

0 OO classical limit

Uncertainties: A,z = \/i(n + 1/2) App = V/mwh(n +1/2)
Tmw

classical limit !

N —lal? aat —a*a
Coherent states: ila) = ala) —— |a) =e /2 emd0)

Uncertainties: A,x = \/ & Ayp = \/mwh Vanish in the classical limit
2mw 2

L 2
Eo = hw(llal|” +1/2) Saturates the uncertainty principle

For the energy to be finite  ||a||* = oo

o classical fimit —xpectation values evolve classically

Finite errors In the

27



Spin-states

[Schwinger, 1952]

Schwinger’s construction: general spin from zero-spin with 2 creation ops.

CLT S+s, a; S—S8;

along the z-axis

s, 5,) = N CETAICETD] 0), s, =—8,—s+1,...,s—1,s.
Covariantize it:
a%,al] = 62, S = aala'“bab = S*, S9] = ihe Tk S*.
SU(2)-covariant s-spin states
+ (2s
s aD = s far. ah) =t atat ot oy = %) g

\/(28)' ail a2 a2s

28



Coherent Spin-states

Coherent spin-states defined as

‘a> — 6—&aaa/26aaa2|0> — aa‘a> — aa‘a>’

In terms of definite spin:

— (o)

N YD Y- S Il ead) =Y s )

S= 01/2a1 -,aA2s 2s=0

We want the coherent state in terms of definite spin...

because we know the general definite-spin amplitudes

29



y 1

Opu,a = om ((pa‘au‘pb] T [pa‘au‘pb”)a

Classical limit and crucial property E/; Lorentz-covariant SU(2) spin operator

. h .
(8o = =(ao'a)
2
Implies that classical

spin is obtained when

el = v aaa

= 1/2|sal/h = O(R?).

30



Classical limit and crucial property E/; Lorentz-covariant SU(2) spin operator

1
. Upu,ab — om ((pa‘au‘pb] T [pa‘(_fu‘pbﬂ)a
(8" = = (o)

2
Implies that classical
spin is obtained when o | | B2 N

(5'57)q = (5")a(S?)q 1 0 (aa) + i€ (ac”a)].

[ell = V/@aa In this limit,

o \/2\801\/)5 _ 0(h_1/2). — (8'S7), factorizesinto  {S")a{S?)a

Taking the classical limit (KMOC + coherent)

h, .
<Sﬁ>a = 5(0“750‘) h_)()) Se1; D Sa =Y,
(SES))a = (SF)alS,)a + O(h) BCACHE etc.

h—0 31



Dressing the Minimal coupling

. | Qb]-a ®2s
Minimal 3-point AW} (p, s|py, s: K, 4) = §<m28>—2 %

> \O255 e ®281 '
(ﬁb) ( ) . A(O){b}{a} (pg, 32|p17 S1, k) h)7

(a2 2)/2
A = A9 (py, Blpr, s k, h) = e elHIAD2 Vv (251)!(255)!

32



Dressing the Minimal coupling

. | Qb]-a, ®2s
Minimal 3-point - AW} (p, s|py, s: K, 4) = ;<m28>—2 %

> \O255 e ®281 '
(ﬁb) ( ) . A(O){b}{a} (pg, 82|p17 S1, k) h)7

Af = A (py, Blp1, a; k, h) = e el HIAIR/Z Z vV (251)!(2s2)!

; k L (O VR N AN A G e
p2, B < 3,min ~ _537 € 22::0 (25)' (/Bb) ) mzs_z 04
22l HIBID /2 gy {l Bb<2”1a>a“}.
_— 2 m

't exponentiates!

33



On-shell kinematics

Boost to the same momenta Do = (p1+p2) /2 = pr+ k)2 = py — k)2
X k . - Zpgky 1 o 1
P, < pi) — ©XP i V1,2 ij_ Gpa7 ‘10,) — ‘Uab(plapa) (‘a’b> 4m‘k‘a’b]>7
p1, (Similar for 2)

1
4m

The exponent  By(p2)(2°1a)a®(p1) = Bo(pa) ((abaa> ([ab\k\aa> + <ab\k|‘da])> a*(Pa)-

spinless term spin generator

34



On-shell kinematics

Boost to the same momenta Do = (p1+p2) /2 = pr+ k)2 = py — k)2
. k o Zpgku " o 1
D2, B < p/10 — €XP _ 2m2 Em/- Upan ‘10,) U (pl,pa) (\ab) 4m\k\ab]>,
p1, (Similar for 2)

1
4m

The exponent Bb<p2><zbla>a“(pl>=Bb(pa>(<abaa> ([ab\k\aa>+<ab\k\aa1))a“<pa>.

spinless term spin generator

2 2m

L e (Y TSk S {qci i Bag‘aa)}

overlap between coherent states

35



Classical limit and classical three-points

Factored out the standard coherent-state overlap:  (B|a) = o~ (lal>+1811%)/2+Be

n the classical limit, we take: B, = (a®)* ———>

and we can identify the spin expectation value

—xact cancellation between the
spinless term and the normalization

K

1
m

K
= —§m2x 26Xp{

Eu<55a>a} = —om'T

-2 ]

Matches the Kerr

Can use directly to built four-points.

notation: k* = hkH

LS
ma

(Sp.)o

L
Ao Pa

[see Guevara, Ochirov, Vines, 19’]

BH ‘amplitude’

Matches 1PM results

36



General

three-point amplitude
and

Kerr BHs

p2,10}

p1,1a}

37



General Three-point amplitude: bootstrapping

Spin-1/2: minimal

g . a
A(lwvzzp?g—l_) — Z—vlfy ug +(Q) — Zgl’<1 2b>

NG 1

Spin-1/2: dipole (higher-dim operator)

Adgipote (1324, 37) = i Z=0lowuz ¢l (@) - = iga™{1"g)(q2")

_ (q|p1]3] _

38



General Three-point amplitude: bootstrapping p = P13l ﬂ(pl )

Spin-1/2: minimal

g . a
A(1¢72¢73+) — Z—Ulfy ug —I_(Q) — ng<1 2b>

NG 1

Spin-1/2: dipole (higher-dim operator)

Adgipote (1324, 37) = i Z=0lowuz ¢l (@) - = iga™{1"g)(q2")
For general spin, we have 2s+1 terms Arkani-Hamed, Huang, Huang 2017]
p2,1b} ’

A 3 (D2, 8|py, 83 K, +) ——Zgn

p1,1a}

How to connect it with Kerr BHs”



Porto, Rothstein, 06’]

Worldline effective action vs. three-point Porto, Rothstein, 08’

Levi, Steinhoff, 15’ |

—xpanding the curvature tensor Ry, in terms of linear grav. pertubation h,,,,, = Guv — Nuv

N the effective action

STnt = —% dr | :; (( Z:STCES%(@ - 0)* utu’hy, + g% (Z(TL__T_):)!CBS%H(CL . 9)*" u“e””‘”upaa&hw: x:T(T)—I— O(h?).
Interpreted as the interaction
S = 3 [ o hu (DT =~ [ b (BT
| wv (L) _ ik-r(T) — on | Crs2n WU Cpgznt1 (b v)poT 7
General stress-tensor: Tgen(k)—m/dfe nZ:O(k-a) _(Zn)!u u” 4 (2n+1)!zu e Tu,a.k; | .

Kerr BH corresponds: Cggen = —Cggentt = 1

40



To obtain the amplitude
from the action:

The interaction:

Amplitude

For Kerr:

CEs2n — —CB82n+1 — ].

Worldline effective action vs. three-point

Straight particle trajectory coupled to an on-shell graviton

- - p" p*
W (k) — k2md(k*)eker, rH(T) = T = uh (1) = s
Bk oy
S = [ Gz ()20 B Agn(p. ),
-1 — C 2n = n = C 2n+1 — n
A ) = [ 32 (5 a2 3 b

- n=0

Ax (p, k) = —k(p - 5 )?| cosh(k - a) F sinh(k - a)| = —gmzxzze:’—“'a.

Same as before!

41




Kerr preferred solution: Non-minimal

Aggl{b} {a} (p27 S ‘pl 3

S;ka—l_):__ g'l_’b|_

Matching with the previous amplitude

Ason (D, k) =

The wilson coefficients

CEs2n

po [ X Cgin =y S
—(p- i) D Tk a) &

2n

2n)!1(—2)"g:
_Z( )!(—2)"g

- = @2n =)ol

r=0

(Same for the magnetic)

42



Kerr preferred solution: Non-minimal

K
Aégzl{b}{a}(pzas\l?laS;kr") — — 5 iy

Matching with the previous amplitude

+ + -OOC%— n, OOCan— n-
Az (p.k) = —k(p-ep)?| Y Tt (k-a)™ + BS " (k-a)™

The wilson coefficients
2n

Crgn =Y (2n)!(=2)"g;

_ | 2r
— (2n —1)l|o]

(Same for the magnetic)

Classically suppressed unless 9p,>¢ scales with O(h™")

In order to model general spinning body, non-minimal couplings HQHQ — 2_m —a2.
depends on the spin via h
(Expect for a Kerr BH) g =1 Grnso = 0

43



Kosower

Maybee

O’Connell

(KMOC) formalism

in)

lout)

44



Pictorically...

P# 4+ APF

®

b

&

Py

Classical limit: A —= 0 |laf|* = o

9,
N / 6 (20) 21200 (21)

ob,

Pa,Pb

The KMOC formalism:
- quantum expectation values
- chosen Initlal guantum states
- classical observables when A — 0 |[|la|]? = o

45



Kosower Maybee O’Connell (KMOC) formalism

'[Kosower, Maybee,O’'Connell 18]
'Maybee,O’Connell, Vines 19]

AO = (out|Olout) — (in|Olin) = (in|STOS|in) — (in|O|in)

Using S =1+ ¢T andoptical theorem TT =T —iTTT

AO = i(in|[O, T]|in) + (in|TT[O, T]|in)

leading order next-to-leading order

Alternatively, we can write (indifferent at LO)

AO = (in|STOS|in) — (in|Olin) = (in|[OT — T'O]|in) + (in|TTOT |in),
—_—

A10 A20

We need to prepare well-defined the initial state states. 26



Incoming (spineless) state:  |in) :/

Kosower Maybee O’Connell (KMOC) formalism

P1 Y D2

Wave functions

Ge() 1 [ 8&n? -1/26 ( DU
pP) = XP

‘ m | EK1(2/€) Em

Well-behaved classical exp. values

Va(P1)Yb(D2) e P1/h p1; P2)

)

definite momenta state

Particles well separated
by iImpact-parameter

47



Kosower Maybee O’Connell (KMOC) formalism

Incoming (spineless) state:  |in) =/ wa(p1)¢b(p2)€ib°pl/h|p1;p2>
P1 Y P2

[Kosower, Maybee,O’Connell 18]

definite momenta state

Incoming (spinning) state:  [in) = Z/ / wa(pl)wb(pz)ﬁalfag€ib°p1/h\p1,pQ;al,a2>

[Maybee,O’Connell, Vines 19] ai,a2 P1 v P2 Quantum

spin-indices

48



Kosower Maybee O’Connell (KMOC) formalism

Incoming (spineless) state:  |in) :/ wa(pl)zpb(pz)eib'pl/ﬂpl;P2>
P1 Y P2

[Kosower, Maybee,O’Connell 18]

definite momenta state

Incoming (spinning) state:  [in) = Z/ / wa(pl)wb(pz)ﬁalfag€ib°p1/h\p1,pQ;al,a2>

[Maybee,O’Connell, Vines 19] ai,a2 P1 v P2 Quantum

spin-indices

Incoming (coherent) state:
[RA, Ochirov 21]

\in) — / ¢a(P1)¢b(P2)€ib'pl/ﬁ\P1, , P2, 5)

a\®2s1 ( Rb\O2s2
(a ) (ﬁ ) . ‘pl’sl, {a};P2,827{b}>'

_ —(lal2+]812)/2 / s/,
— z a(P1)%b(D2)
812’;2 P1:P2 V/(251)!(2s2)!

normalization definite spin-state

49



Kosower Maybee O’Connell (KMOC) formalism

AO = (in|STOS|in) — (in|O|in) = i(in|[OT — T'O]|in) + (in|TTOT |in), phoa
A0 A0

Focusing on the first term

A O =/ e TV (0 )b () e (1 )b (02)i (P, ; Dy, B|[OT =T O)|p1, @; pa, B
P

llaplzaplap2
For the momentum operator: /
APl = / / ~Rbhx (o1 + k)i (P — k)va(p1) s (p2)
P1,p2

{(p1+k)“@«4(p1+k o; p2—k, B|p1, o; p2, B) — PLiA (D1, a; D2, Blp1+k, a; pa—k ﬁ

Result in full QFT, need to take the classical limit

50



Kosower Maybee O’Connell (KMOC) formalism

Classical limit:

1 [ 8r2 1Y2 DU 202

From the wave-functions Y ( ): ~ P
¢\p EXP( ) ~ — 0
m | EK1(2/€). Em N g
2 _ 2 2

From the coherent-states || = 5 —S8gq — OQ.
Avoid head-on or B B . b
deep-inelastic collisions bl =v—b> > (0z)ap = o) X Jemoy .C. b > 07 > (ACompton )a,b

Heuristically:

0z, 0, X B2, Eoxch,  |af| < BY? |kl h,  k-uap x B2

o1



P# 4+ APF

KMOC using coherent states

After some manipulation
Leading classical impulse:

o, ¥
AP =~ / )R () [ 0.4 (i
K < Da,Pb k

h _ 0 0 .
po__ 7 2 2| MV LV po e —1k-b 4(0)
A= | )Pl ) ple g, — @ g | [ A

a v Da,Pb

INn both, we need the elkonal coherent-spin amplitudes
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Coherent scattering amplitudes

Classical limit dominated by ¢t = k? = h’k?

Four-point factorizes...

P

py, & Po;
) 1
A}, 0595, Blp1, 0592, B) = =505 3 AV, alpy, sk, £)
Pl x A (pl, B; k, F|ps, B) + O(1/h),
Into three-points
Holomorphic Classical Limit Cachazo, Guevara, 17’]

. . ‘Guevara, 17’
and kinematics ' |

‘Guevara, Ochirov, Vines 18’]

‘Guevara, Ochirov, Vines 19’]

Za/TH = (1 — )

1 Pa* Pb
Zo/Za = (1 +v), TT VI mam
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notation

Four-point coherent amplitudes (general case)

a’g = E<Sg&>a7
2, Using the three-points Cor = Cron
> C2n+1 = CB82"+1
0) (o : _E 2 +2 Can 1T n 0
p1, A (p17a|p17a7k7—-) — zmaxa nz::() nl (__k aa) -+ (I)(h )7

Beyond t-pole and using some notation [Vines 17]

2002 A2 >
A(O) (k) _ 87TGmamb’)’ o 2(1 — ’())2 Z Ca'n,l Cbng (:ZZ.]; . [w " aa])m (::z'/; . [’lU * ab])n2 _|_ O(h—5/2)

h3]2'2 nl!ng!

ni,ny =0 l l

Multipole expansion of particle 1 and particle 2

modeled by Wilson coefficients!

2 gﬂ V]
wh” = Pa P, : Canlcbnz

Y
mMymMpYU 54



Impulse Observables from elastic scattering

After the Fourier transform to the impact parameter space...

Linear impulse

0
AP = hig [ (o) P () PAD (0

Pa,Pb

Angular impulse

APE;I:L _ Gmambl Z(l — ’1))2 _-b T W * (aa—— ab)__

cl

h i 9, 0 |
ASE = — [ |ta(pa) |t (0w ? | Pt = — P AL (b)

a
a~’'a Q1y PavQap >
Ma Jp. o i Ob Oal

4

N
H — __ L
ASY = —Gmam, - Zi: 5

+ w * (aa+ ap)|” — (aa- b w * ap)) [up,— 'Y'UJa]M)

(aa- [b T W * ab])ug‘

4 lcl

o p . . . p
*cl. means initial momenta Pap localized on their classical values abUy y,

Matches Vines 17°
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Hamiltonian

H(r,p,Sa, Sp) = 2 2 2 24+ V(r,p,Sa, Sh). , |
(r:p b) \/p +ma‘+\/p T (r,p b) LO potential from tree-level amplitude

(1) h? P’k kv 103
vV (r)pa Sa,Sb) — AR Eb/(Zﬂ')36 A (kapa Saasb)a

COM kinematics
General spinning bodies

'TL21

Gmimi~y* X C...C 1 ni 1
V(l) ' 1 Sa, S — a_b E 1 2 E ani “’bng (——_ r . ) (——_ - . ) S

nilno! My, 7|

——
—

ni,n2=0
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Hamiltonian

H(r,p,S,,Sp) = +/p2+m2++/p2+mé +V(r,p,Sa, Sp). , ,
(rp b) \/p \/p b (rp b) LO potential from tree-level amplitude

(1) h? P’k kv 103
vV (r)pa Sa,Sb) — AR Eb/(Zﬂ')ge A (kapa Sa,Sb),

COM kinematics
General spinning bodies

Gm2m2'yz o0 C C 1 ni 1 no 1
v (p, ,Sa, Sp) = a_b 1 Fv)? ani b”2<--_ ° . ) (--_ Y . ) .
( p b) 2EaEb ;( ) nl%;:() nl!’n,z! _—ma[p X Sa] v’r —-mb[p X Sb] v’l’ |7"
Kerr BH
szmzfyz (l T ’0)2
V(l) ) ) Saa S — - b
(T P b) 2F, Fy, 2::: "T’ + P X (aa -+ ab)|

Validated by integrating the EOM to obtain linear and angular impulses .



Conclusion and outlook

) Extended the KMOC formalism to general spinning bodies (described by wilson coeffs.)

Coherent states provide rigorous framework to extract classical observables from guantum
scattering amplitudes

p Quantum amplitudes compatible with the Kerr Black hole is favored in the
classical limit (also favored in spin-entanglement)

P Hamiltonian also obtained which can be used beyond the scattering



Thank you for your attention ?
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Covariant Spin

General spin wave-functions

' : {a} (a1a2 | | ~a2s—1a25)
Integer s : Epiin.pis — Epu € pits )
& : {a} _ (a1 .a2a3 | ~a2s—1a2s)
halt-integer s : ;) e = Up Epuy Epnige

Combined with the Pauli-Lubanski spin operator

One-particle matrix element:

1
integer s : (—1)° Ep{a}” 2 5{ b= SOpp. al(bl5b2 5228)),
. 1 — b b1 ¢b b s)
half-integer s : (—1)12m Up{q) - 2H- uz{j b — Upu,(al( 102 - - .5;8).

|Guevara, Ochirov, Vines 2019]

ab
gpﬂ

i(p\ oy |p”)

V2m

1
Lorentz-covariant SU(2) spin operator: Upu,ab = o ((Pa\%\pb] T [Pa\(_fu\pb)])a

The one-particle ang.mom

s',{b} _ s’ iy (b gb
representation (with hbar) (S )s,{a}” ) = hs 65 ot (b16P2

pal

5b2s)

a23) o

fis 85 ot b @ (88) Y
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Pauli-Lubanski /

1

Combined with the Pauli-Lubanski spin operator = 2\ = %EAMVPE“V})'O.

S ©2s — S ®2s
Inner products:  &p(a &5 = (=1)*(62) ", Upfay - Uy = (—1)1* 2m(8;)

Generalization of
Lorentz generator:

YHo = g[pHo Y — n?§H]  halt-integer s : Y =

. . UV\o1i...o _ v,o o o o Os— V,o
integer s : (XZHY)710, L= SEATL 572055 4 70 §Te IS

T1Y 719
(]

AT+ B

One-particle matrix element:

, 1
integer s : (—1)s Epf{a}* 2" 51{,”} =S apu,(al(blézg o 622)),
1
half-integer s : Up{q}* 2" uz{yb} = S Opu (a1 (b153§ X 52233

(—1)Ls)12m



Viral theorem

PM vs. PN expansion 2 M

vV
r

PN double expansion

PN 2PN 3PN 4PN 5PN 5PN 6PN
1PM (1—|—f02—|—v4+v6—|—v8—|—vlo—|—vm—I—UM—I-...)
oy (T2 0t 0% + 0% + 0t 0t + )

e (140" +0r +0° +0° +0% +..)G?

+...)G*

+...)G?

G
G2

v (1402 + ot 400 +0°
v (1+0° +0* 4 0°



Eikonal phase

Fourier transform to the impact parameter

AP (b) = f e R A (p,+k/2, ; po—k/2, Blpa—k/2, a; po+k/2, B)

k

Transter momenta becomes derivatives in impact parameter space

A () = Gmamwz

2

Y

ni,n2=0

(:: 1)n1+n2

’Tll!’ng!

For Kerr  Cy,, = Cypy = (—1)"

G
Aflo)( _ m mb'Y Z

- v)* log \/— (bJ_

Cany Cony X ([w * ay] - BbL)nl ([w * ay) - (9“)”2 log

w * (aa+ ap))” + O(RY?),

b + O(R™Y/?).
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