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Motivation & s o o

|
e detection of GWs from U \/\/WNW

binary BH systems I

Post — Newtonian Numerical Perturbation
Theory Relativity Theory

* inspiral —> BHs well-separated — EFT description

. . [Rothstein, Goldberger; Kélin, Liu, Porto; Levi, Steinhoff;
e worldline formalism Jakobsen, Mogull, Plefka, Steinhoff: Ledvinka, Schaefer, Bicak;
Damour; Blanchet, Fokas ...]

e guantum scattering amplitudes

, , ] [Bjerrum-Bohr, Damgaard, Festuccia, Planté; Cristofoli,
° post—Mlnkowsklan scatterlng Vanhove et al.; Damour; Bern, Cheung, Roiban, Shen,
Solon, Zeng; Parra-Martinez, Ruf, Zeng; ...]

° high—energy scattering [Di Vecchia, Heissenberg, Russo, Veneziano; ...]

. . [Guevara, Ochirov, Vines; Chung, Huang, Kim, Lee; Arkani-Hamed,
* Spin and tidal effect O’Connell; Aoude, Haddad, Helset; Bern, Luna, Roiban, Shen, Zeng;
Alessio, Di Vecchia; Bjerrum-Bohr, Chen, Skowronek; ...]
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Motivation - P S oS

Spinning case \’/

[Guevara, Ochirov, Vines;
Chung, Huang, Kim, Lee]

linearised energy- 3pt scattering
mom. tensor Kerr amp.
ek TP (k) ~ (p1 - €5)2€¥  Mpgerr~ (p1 - &5)%(eF®)

* Classical observables e.g. momentum shift, spin shift, scattering angle

 at 1 PM -> 3pt is enough
post-Minkowski (PM) expansion: f
Gm
— <1  and |k| <K< m,p, k|S
b K k AS  PuSa
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Spinning case \’/

[Guevara, Ochirov, Vines;
Chung, Huang, Kim, Lee]

linearised energy- 3pt scattering
mom. tensor Kerr amp.
ek TP (k) ~ (p1 - €5)2€¥  Mpgerr~ (p1 - &5)%(eF®)

* Classical observables e.g. momentum shift, spin shift, scattering angle

post-Minkowski (PM) expansion:

 at 1 PM -> 3pt is enough
e from 2 PM -> need 4pt Compton + higher f
— <1 and |k| < m,p,|k|S S,

Pe S2,

A




Kerr amplitudes @ 3pt

Spinor Form: 5 <12> . |
[Arkani-Hamed MK@’I"?" . (p]_ . Sk) Gravity

Huang & Huang] 144
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Spinor Form:

[Arkani-Hamed
Huang & Huang]

Exponential Form:

[Guevara, Ochirov, Vines;
Chung, Huang, Kim , Lee;
Aouade, Haddad, Helset]

= (p1 - ex)” (exp(k - @)

Massive Weyl Spinors

N <) (ol ]
pi-olt] =mlt) e = Jom
1) =192 [T) = 192,

. 1 -
2) =11) + 5~ (k-0)[1]

&

Pauli Lubanski spin operator

|
L
Sty =5

satisfies SU(2) algebra  [S*, 5¥] =

v AL
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Leading Regge strings @ 3p’§
h

General 3pt amp

Mz = (p1-ex)® ) e (k- a)")
n=0

ﬁ,s

hog

Gravity (p1 - €)*

Gauge Theory

(p1 - €k)

Closed Superstring

Open Superstring

[LC, Pichini] Kerr Leading Regge States root-Kerr | =~ Hing Reuge States
|
monopole C(()s) : i : :
Di Vecchia
dipole cgs) 1 1 1 1 etal
adrupole ) L R O 1 352 — 7s + 8
uadrupole = =
; - 2 25(2s — 1) 2 25(25 — 1)
octupole ) 1 s 1 3. D i
3 0 2(2s — 1) 6 2(25 — 1)(25 — 2)




Leading Regge strings @ 3pt

General 3ptamp Mg = (p1 ; Ek)z Z Cgf)«k : &)n>

n=0

bhen (G0l — la
S—r 0O

Gravity (p1 - ex)’

Gauge Theory (P1 - €k)

Closed Superstring

Open Superstring

S—0OO n=0

[LC, Pichini] Kerr Leading Regge States root-Kerr Leading Regge States
monopole C(()S) | | | 1
dipole el 1 1 1 1
(s 1 1 3
quadrupole ¢ o1 1 o1 n
() 1 1 1 3
octupole C3 3 9 3 g
: S k-a k-a
lim D atk-ar) | gka[Iy(ka) + L(ka)?| € o (7) . (7




Classical Solutions @ 3pt

Gravity (p: -e;)’

Gauge Theory (p; - i)

Closed Superstring ) Open Superstring
[LC, Pichini] Rerr Leading Regge States root-Kerr Leading Regge States
Classical limit of | 2 . k-a k-a
3pt amplitude e |lo(ka) + hi(ka)]” | e o (7) - <7>
Euv k THY (k) | eFe  |[Io(21 Ex)+L(21E)]?| eF@ Io(1Ey) + I (1 Ey)
L &
X W
Rotating rigid folded string of length 2, - l\
\
angular velocity w = 1/ / ')
| | x
\ /
J = 204,E2 <|l_




What are the underlying QFTs
that produce Kerr amplitudes?



Kerr EFTs

Known for low quantum spin

EFTs|s='h| s=1 | s=°h | s=2 |s= °h|s>3
Kerr ||Major.| Proca |Rar.-Sch. KK grav.| HS HS
v Kerr|| Dirac |W-boson| gravitino HS HS HS

[Chiodaroli, Johansson, Pichini]
[LC, Chiodaroli, Johansson, Ochirov, Pichini, Skvortsov]

Kerr EFTs

root-Kerr EFTs

S <

s <

N|W DUt

uniquely determined by

(CC) current constraint

p1-J = O(m)
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Kerr EFTs

root-Kerr EFTs

S <

s <

N|W DUt

uniquely determined by

(CC) current constraint
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root-Kerr EFT: Spin 1

via current constraint

non-min. interaction

L= -2|D,W,|*+ |mW|* —aieF, WHtW"

Kinetic term — minimal coupling
/ P?./ 52—

off-shell 3pt vertex VWW A

f,,&\



root-Kerr EFT: Spin 1

via current constraint

non-min. interaction

L=-2|D,W,|? + |mW|* —aieF,  WHtW"
Kinetic term — minimal coupling

3pt current:

Viviral2.3) =1 265+ (p2 —p1) — €2 - €381 - p1 —@ea - f3 - €

Current constraint:

p1 - 3= Viywal@s) = O(m) /
P1 -

: O = 1 matches W-bosons in - £3 on shell
spontaneously broken YM!

- £9 on shell



Higher-spin Kerr EFTs

via massive gauge symmetry

* higher-spin EFTs not uniquely determined by (CC)

(CC) current constraint

p1 - %Vq@A\(Q,s) = O(m)

Our proposal: arXiv: 2212.06120

Higher-spin gauge symmetry is a central guiding
principle for constraining Kerr dynamics



root-Kerr EFT: Spin 1

revisited with massive gauge symmetry

o = 1 required value for W-bosons in spontaneously broken YM!

1 _
Lssp = —ZFQ —2|D W, |? + |mW — D@|* — ieF ,WHW" +...

massive gauge oW, =0, + ... 5 =

transformations: g g (WI) Ward Identities:

0o =m&E + ... ;

mV w4 — 01 @VWWA = 0.
1 (2,3)




root-Kerr EFT: Spin 1

revisited with massive gauge symmetry

o = 1 required value for W-bosons in spontaneously broken YM!

1 _
Lssp = —ZFQ —2|D W, |* + |mW — D¢|* — ieF,,WHFW" + ...

massive gauge oW, =0, + ... 5 -

transformations: g g (WI) Ward Identities:

0p =mé + ... ;

mV w4 — 01 @VWWA = 0.
1 (2,3)

bottom up approach

1
EStilckelberg + LFQ — _ZFZ — 2|D/LWV|2 T ImW — D¢|2

+ ansatz constrained by (WIl)



Constructing Kerr EFTs

Ingredients [Zinoviev]
. tower of symm. tensor fields ~ ®F ;= PH1IH2 " Hk E=0,1,2,...,5
+ traceless gauge param’s ¢k .— ¢napzp

+ massive gauge transform’s k=0,1,2,...,5 -1

5@]{5 _ 8(1€k_1) 4+ m&kfk + mﬁkn(ka_2)



Constructing Kerr EFTs

Ingredients
e tower of symm. tensor fields HF . — PH1H2 HE
+ traceless gauge param’s fk’ . — gul p2: ik

+ massive gauge transform’s
5@]{5 _ 5’(1§k_1) 4+ m&kfk + mﬁkn(ka_2)

» free Lagrangian for spin-s field [arXiv:2212.06120]

k=0,1,2,...,s

k=0,1,2...,s—1

_ES: (=" [é[)’“(D + m?)dF — k(1) OF (O + m2)&>’“] -+ % > (=D*k+1)G*FG*



Constructing Kerr EFTs

Ingredients
. tower of symm. tensor fields ~ ®F ;= PH1IH2 " Hk E=0,1,2,...,5
+ traceless gauge param’s fk’ . — gul p2: ik

+ massive gauge transform’s k=0,1,2,...,5 -1

5@]{5 _ 5’(1§k_1) 4+ m&kfk + mﬁkn(ka_2)

e free Lagrangian for spin-s field [arXiv:2212.06120]

k(k—1) - . 132
_ _Z [cbk 0+ m?)®" — ( ; )<I>’“( + m2)<I>k] + 5 > (=D*k+1)G*FG*
k=0
¢ ansatz with |
o 3p’[ vertex g\ power-counting
V. min. non-min. (PC) k+s—1
OEPs A bEPs A =+ dkPs A




Constructing Kerr EFTs

Constraints [arXiv:2212.06120]

(MC) minimal coupling extension (WI) Ward identities

of £()

Verasa (2,3),e250 0

(PC) power-counting bound

Vnon-min. ~ 881 +s2—2 (F )
S S A v I
o1 o2 : (CC) current constraint

(ND) near-diagonal interactions o o
pl'a_elVCI)SCI)SA (2,3),e2—0 O(m)
Vesipsaa =0 for |81—82‘ >

- 0 ~ o 0
Vé’kq)sA = m()équ)kq)sA — ”yk_|_1p1'—vcpk+1(psA -+ m5k+2 . V<I>k+2(I>3A
Oeq Oe1 Oeq




Constructing root-Kerr EFTs

Three points [arXiv:2212.06120]

(MC) + (PC) + (WI)
23
AT 47) = 4012 {Hzck( 1)}

+ (CC) + (ND) constrains
coefficients unigquely to (MC) minimal coupling
A\/ Kerr

(WI) Ward identities

Uniquely predict root-Kerr 3pt amplitudes! (CC) current constraint

(PC) power-counting bound

Testedupto s <6 (ND) near-diag. interactions
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Constructing Kerr EFTs

Three points [arXiv:2212.06120]
(MC) + (PC) + (WI)
s—4
s s g (12)%° 12] ' /12"
MUPTPs hs ) =Mo= 5, {H (1 (12) ;;)Ckuzy“

+ (CC) constrains coefficients uniquely to M
(€C) qHey Kerr (MC) minimal coupling

(WI) Ward identities

: : : ,
Uniquely predict Kerr 3pt amplitudes! (CC) current constraint

(PC) power-counting bound

Testedupto s <6



Extension to Compton

Method: /arXiv:2212.06120]

e Forlowspin s < 2

v“

e off-shell 3pt fns + propagator

 identify best variables to use

©. @)

S
s=0

1 — %6252
p*—m?+i01l +e-€+ 4 le2e2

Wi =

(12) + [12]), V = — (13[2) + (231), U =

m
2

—(((2) -

(2(31])

—m (12)

e for high spin s < 10

» factorisation properties

* Checked against chiral approach [Ochirov, Skvortsov]
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Extension to Compton 1 Z
Gauge Theory Analysis:
Abelian amplitude [arXiv:2212.067120]
match known Comptons for s < 3

(BI1[4]°(U + V)**  (3[1]4] (13) [42]

A(1%,25%,37,47) = Py

m5t13t14 m*5t;3
13) (42|14 (32
G,
V:—%((IBZ +(2(3/1)) Wi:%(<12>jt[12])
U=—%((132—(231)—m(12), e 2
Pi= 5 [(U+V)f = (U = V)]
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Extension to Compton 1 Z
Gauge Theory Analysis:
Abelian amplitude [arXiv:2212.067120]
match known Comptons for s < 3

(B[L[4]°(U + V)**  (3[1]4] (13) [42]

A(1°,2°.3° . 47) = Pog
(15,25,37,47) m*St13t14 m*st3 ;
13) |42(|14| (32
I < > [ ]LS ] < >P23 ! | Cs

Implications of massive gauge invariance:

s < % C,=0 s = 2 3 free contact terms

1 1
no freedom in contact terms Co = (13 [427,],1[24] <32>(ﬂW2 . ?ZWE)
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Non-Abelian Compton 1\./ .

Upcoming Work

(3[1[4]*(U +V)**  (3]|1]4] (13) [42] Pos
mA*$s19ti4 mA$s19
- (13) [42][14] (32)

40 2 1)

(t13Q2s — 2V Ros) + contacts

m43812

matches known Comptons for s < %

first orders in the polynomials that appear

S lor 5 | 3y 2 3y

1 | 2U | 3U%4-V?2 AU (U*+V?) 5U44+10U2V 2414

0
O 0 a0 | 2U | 3U4+VZE+W2-W2 | AU(U+V?) + 2(W2-W2)(U+Wy)
00| 0 1 2(U+W,) 3U*+V24+W24+4UW +3W?2
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Classical Compton 1\./

General Analysis

 finite spin analysis
e relate two massive momenta P2 — Ap1 — P1 + q
* soft massless momenta ks, k4 ~ O(h) and a ~ O (h_l)
. g h— 0 i i ~
simultaneously take {s - while keeping As~ 1

* we identify ‘nice’ variables

¢" = (ks + kg) T=—qrLa z=la|pqL
X-a
W =(ks—ka)" Yy=—qa w=_—"pqy
9, ( ) YD1

» Coherent spin formalism [Aoude, Ochirov]
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Classical Compton 1\./

Example Term

» First pole termin A(1%,2°%,37,4™):
+ scalaramp X (U + V)%
- inspinors: U +V = —(1|3|2] — m (12)

U4+V)*=~(14q-a)* = Z (28) (qu - a)"

k=0 k



Classical Compton

Example Term

» First pole termin A(1%,2°%,37,4™):
+ scalaramp X (U + V)%

U+V)*~(14qL-0)* =) (28) (g1 - a)"

28 <( Y k=0 ’
— QLk.!a) ) - O(a”
k=0
= < 'a> el

e first term in known four pt amplitude



Classical Compton

Gauge Theory Analysis
TC3’TC4 TC3,TC4 . . 2 2
A(1,2,37,47) = —(p- x)? ([qu-(u] } {(p'(IJ_)Z}) (e cosh z — w e*sinhc z + = 5 . E(z,y, z))

: [TC3,TC4] ,w2 = Z2

? (p-qr)? 2

ie(q1,p,q,0)€(z,y,2) —+ contacts

+ (p- x)

+ E and & are entire functions « second line breaks BCJ relations

in T,Y, 2
 no contact terms expected for
 amplitude is spurious pole free non-Ab. sector
€Y —e®coshz + (z — y)e”sinhc z

r=—q|-a 2 = |a|pql E(SE,y,Z)— (x_y)g_zg i (y%_y)

X a
Y= —qa W= ——"pq1

X'P1 ﬂ 3 .

8)\)\ g()\SC,)\y, /\Z) A—1 e E(:ana Z)




Our proposal:
Higher-spin gauge symmetry is a central guiding
principle for constraining Kerr dynamics

Checks:

o reproduce known ° generate non-trivial 4pt

constraints
e 3pt amplitudes for Kerr & root-

Kerr e predict root-Kerr Compton for

* 4pt amplitudes for root-Kerr s<2 S=2



Our proposal:

Higher-spin gauge symmetry is a central guiding
principle for constraining Kerr dynamics

Checks:

o reproduce known ° generate non-trivial 4pt

constraints
e 3pt amplitudes for Kerr & root-

Kerr e predict root-Kerr Compton for
e 4pt amplitudes for root-Kerr s<2 S=2
In progress: Future Directions
« extending analysis to Compton Kerr « implications for quantum BHs
. analysis of classical limit include absorption and emission

e comparison to Teukolsky egn (BH-PT)



