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Motivation: gravitational waves

Inspiral Merger Ringdown
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Theory Relativity Theory

Inspiral phase: high experimental sentitivity <> need theoretical precision
—> errors accumulate

- analytic control possible
- important for LISA band




PN, PM and spin-multipole expansions

Post-Newtonian (PN) expansion: expand in G and v

§ 2. M
Bound systems: - A
/ (virial theorem)

Post-Minkowskian (PM) expansion:

s
Gravitational scattering: / \X /
expand in G > loop expansion ‘

Spin-multipole expansion: Methods
: - BH perturbation theory
Rotating black holes _ Worldine EFTs

expand in S; and S, | i ﬁ;ﬁ:::r;iscgﬁ';ing ampl’s




Motivation

The AHH higher-spin amplitudes
The problem of Compton scattering for Kerr BHs

EFTs describing Kerr and root-Kerr

Higher-spin gauge symmetry and EFTs
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Conclusion



Higher-spin 3pt amplitudes & Kerr BH

. . - . 2
Natural higher-spin gravitational 3pt amplitudes:
B 12 2s
M(1¢°,2¢°,3h™) = z'm2:(:2—< 2> , )
m S
2 2s
- m* |12 1
M(16° 26° 3h-) — i 12! |
x2 m?s Arkani-Hamed, Huang, Huang (‘17)
Linearized energy-momentum tensor for Kerr source Vines ("17)
W (L) — , (p -1 1\Y) P
T"(—k) =2md(p - k) p¥exp(m S *1k)” ,p
Non-minimal worldline action for Kerr: Levi, Steinhoff (‘15)
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(spin-multipole expansion)



root-Kerr gauge theory

: _ : Monteiro,
Classical double copy =2 Kerr-Schild form O'Comnell (*14)
metric: Juv = NMuv T Qﬁkuky (Kerr, double copy)
gauge field: A, = ¢k, (root-Kerr, single copy)

QMGTS 562 e 2 2
bl — — y 7 _
kK, =0 #(r) rt 4 a?22 Zta? | 12 =1
Newman-Janis shift: - classical 3pt amplitudes
\IjKerr ( CL‘) _ \Ichhwarzschild( ) a) MKerr :I:p ‘a MSchwarzchlld

vK Coulomb .
Ve (aj) = gprowom (SU + Za:) A\/ierr eip aACoulomb
3, —

Guevara, Ochirov, Vines;
(Newman-Penrose curvature scalars) 1\ i tomed, Huang, O'Connell

Guevara, Maybee, Ochirov, O'Connell, Vines



AHH amplitudes 2> Kerr BH ?

Spin-s gravitational 3pt amplitiudes:

12)2 12]*
M(1¢°,2¢°, 3h™) = im x2<m2>3 , M(1¢°,2¢°,3h7) = :z:2 [mgs
Spin-s gauge theory 3pt amplitudes
B 12 2s B 12 2s
A(1¢°,2¢°, 3AT) = mx< 2> , A(19%,2¢°,347) = i 2]
m=s T me

Q1: Where is the spin vector 2 S* = ma”

Q2: Where is the exponential factor 2 e:I:p-a,

Q3: What are the quantum theories 2 (before classical limit)



Quantum spin operator

Introduce projective 3-sphere coordinates
2% = (x1+iTs, T3+izy) — 1=2°Z, = |z|?
parametrizes SU(2) €<-> spin 2%~ (| 1t),14)) -

Relation between classical spin vector and quantum spin:

S

§* = 522 (T )+ (1o () e
. k spinor-helicity
Properties: formalism

Transversality of spin vector: p; -5 =0
(2 50 - (2
Gives spin operator:  [S#, 5] = iet*P S, S? = s(s+ 1)1

Equals an expectation valve: S§H = <§“>



Recap of massive spinor helicity

Following AHH bold massive spinors <> symmetrized little group indices

1) =[i20, 1] =2
(spinors define maps: SL(2,C) — SU(2))

Analytic functions of spinors now possible:

(12)%* = degree-4s polynomial in (2%, 25)

Massive polarizations are null vectors Chiodaroli, HJ, Pichini

1 (ijo"|i] _ i|o"]i) 1 2 et 2\2 _u
) \/imz o \/imz ( z) fz (Zz) gz,+

Higher-spin states automatically symmetric, transverse, traceless

€l:l'1/'l’2”.1u8
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851 2

el? ... el = degree-2s polynomial in z{



AHH amplitudes = Kerr BHs

2

Relate in/out states by Lorentz transf.
— - 3
2) :=[1) + p3 - o[1]/(2m). >
AHH factor > exponential of spin operator: !

12 _ (50 L)) = (ot

n=0

Quantum Kerr and root Kerr 3pt > Quantum Newman-Janis shift

Kerr +p3-a Schwarzchild
M3Y" = <e >M 3+

A\/ Kerr <e:i:p3 a>ACoulomb )
SH

with ring-radius operator:  a* = —

m

(original argument: Guevara, Ochirov, Vines)



Kerr Compton amplitudes

Candidate Compton amplitudes via BCFW: 3
same helicity case: —
M(1¢%,2¢°,3h™,4h™) = z’mg_zzsfgﬁm Ochirov, HJ
oppsite helicity case: 2
M(1¢°,2¢°,3h™,4h*) = Z-[4|p1!3>4‘25([i112] ;132; 42]31)*  AHH

Needed for NLO calculations: § % 67775

However, for s > 2 there is a spurious pole > need corrections

1
[4]p1[3)2—*




root-Kerr Compton amplitudes

Candidate Compton amplitudes via BCFW: 3

same helicity case:

(12)%°[34]7

A(1d5.20°5.3AT . 4AT) = 4 Ochirov, HJ
( ¢ ) ¢ ’ ) ) Zm28_2t13t14
oppsite helicity case: 2
3 2—2s 1 2s
A6 25 34— ) — AP P(HL(E) + UAGLP

t13t14

Not needed for physics purposes, but provide useful toy model!

1

T35 > need corrections
P1[o)“°~

Again, for s > 1 spurious pole

- See talk by Cangemi




Which quantum EFTs give Kerr amplitudes ?



EFTs behind root-Kerr

B 12 2s
|dentify EFTs from covariant formulas: A(1¢°,2¢°,3A7) = m$<m2>3
spin-O: A(1¢4°,2¢°,3A) = €5 (p1 — p2) = Agga (scalar)
spin-1/2:  A(1¢'/2,2¢/2,3A) = Giy¢3us = Axxa (fermion)
spin-1: A(1¢1,2¢1,3A) =2(e1 -€2€3 -p2+€2-€3€1-p3+¢€3-€1€2 1)
spin-3/2: = Awwa (W-boson)

_ 2 " L i wpe
A(1¢3/2, 2¢3/2, 3A) — ﬂgﬁ%ulu — E’L_Lzufél’ Uly — %ug‘fé’ Yo YoUly = A¢,¢,A
(gravitino)
general spin-s given as a generating function:
Chiodaroli,

> _ A - .€9)% A
E A(1¢°,2¢°,3A) = Appa + wwa — (€1-€2)" Agpa HJ, Pichini
s=0

(1+€1'€2)2+%€1'p262'p1

For s > 1 - higher-derivative HS effective theories (no massless limit)



Kerr/root-Kerr double copy

Chiodaroli,
Are related to the gauge th. ones via KLT HJ, Pichini

M(1¢%,2¢%, 3h*) = iA(1¢°C, 20, 3AT) A(14°R, 20°R , 3AT)
Works for any decomposition: $ = SL T SR

Preferred decomposition s =1+ (s — 1) give fewest derivatives :

A1@3/2 — (51 ' 52)2 A0@1/2 )

M(1¢°,2¢° 3h) = M + A (A +
> M(1¢°,26°,3h) oor/2 T AwwalAvere + T T T T

25=0
From double-copy structure, we can infer:

EFTs ||s = ! s=1 s =3 s=2 |s= %,|ls> 3| Cangemi
/2 /2 /2 — Chiodaroli,HJ,

Kerr ||Major.| Proca |Rar.-Sch.|KKgrav.| HS HS | Ochirov,

Pichini,

v Kerr|| Dirac |W-boson|gravitino| HS HS | HS | Skvortsov

For s >2 Kerr > higher-derivative HS EFTs (no massless limit)



Low-spin Compton double copies

Kerr amplitudes for g < ? admit Compton double copy (also n-points)

(YM + scal

(YM + scal
(YM + scal

(YM + W-boson
(YM +W-boson

M

ar) ® (YM + scalar) = (GR + scalar)
lar) ® (YM + fermion) = (GR + fermion)
lar) ® (YM 4+ W-boson) = (GR + Proca)

(
(YM -fermion) = (GR + massive gravitino)
(YM +W-boson) = (GR +massive KK graviton)

~—

Lagrangians unique: no new interaction terms beyond cubic order

Can be used for (S/‘) <4 PM/PN calculations

Need new principles to fix interactions of the HS theories!




Higher-spin (HS) theories



What special about the low-spin EFTs ?

Kerr (root-Kerr) EFTs for s < 2 (s < 1) Chiodaroli,

. . HJ, Pichini
> well-behaved massless limit

- exhibits gauge symmetry (SSB)
s=1 (YM + W-boson) — non-abelian gauge symmetry
s = 3/2 (GR + massive gravitino) — supersymmetry
g = 2 (GR +massive KK graviton) — General covariance

Furthermore: satisty a current constraint

2
py - J = O(m) J:>¢“
1

Connected to tree-level unitarity constraint;
Porrati et al.

longitudinal modes suppressed in low-mass (high-energy) limit



Current constraint for s=3/2, 5/2

The current constraint (+ derivative power counting) gives unique
amplitudes and EFT Lagrangians up to spin-3/2 root-Kerr Chiodaroli.

HJ, Pichini

£ 3 5 14 1 v e - v
L= "p“’)';wp (ZD - §m7 )")bp Sk E@bufu (9

FH = FW — /2450
and also unique spin-5/2 Kerr EFT:

e_lﬁmin = @Zuu (ZV — m)iﬂ“'/ + 2"Zuu7y (ZW + m)’yp%‘ — %@Eﬁ (ZV - m)'l,bg
- (2@5p“ivp7y¢uv + Z@EW’Y%V/J@DW) + @ﬁivp%lppa + lzpa’)’aivﬂpﬁ)
+m(PhX + Mpht) — %/_\(’LW + 3m)A

1 _
Lyon-min = —— V—4g ¢upRuupa¢ua

m

RHVPT = RHVPT (4 /2)75 epoaf RM o5



Using HS gauge invariance

Cangemi, Chiodaroli, HJ,

Consider spin-2 root-Kerr case: Ochirov, Pichini, Skvortsov

physical field: (I),u,u Stickelberg fields: {B“, 90}

Imposing a linearized massive higher-spin gauge transformation:

1 1 m
5(I)uu = iaugz/ + éaugu + Enuuga \
m gauge parameter
5Bu — ug + ng
S = V3mé,

Makes sure that:
- DOFs are correct,
- small-mass limit better behaved than naively expected



Massive Ward identities

Cangemi, Chiodaroli, HJ,

We write down ansatz for off-shell interactions: . —hioc
Ochirov, Pichini, Skvortsov

Vaga ~m(e) () e (25 + L),
2
Vga ~ m(e1) (e2)” €3 (% + 1),

Vga~m(e) e (%)

and constrain them using Ward identities

Vg@A | (2,3) "¢PA | (2,3)20

where the vertices corresponding to gauge parameters are:
m i 0
Vega = EVB$A - §P1'8—61V¢$Aa

.0 m (0 Y
Veiga = V3mV g, — 2p1'6—€1VB5A NG (8—61) Voza:

3
B2 a2l + (- e 12)

unique after current constraint: ¢; =0

> 3pt amplitude:  A(#23; AF) = A,




General spin-s EFTs

Consider tower £k =0,1,2,...,s of HS fields and gauge parameters:

oF .= QHIKZ Kk fk = EHIH2HE Zinoviev (2001)

(double-traceless) (traceless)

Gauge transformation:

Minimal Lagrangian:

Gauge-fixing fn:

Feynman-gauge Lagr:

5@]6 — 8(1&/6—1) + makgk + mﬂkn(2€k—2)

1 [(s—k)(s+k+1) 1k
ak"k+1V/ 2  Pe = g et
1 s—1
Lo=Lr+5) (- D*(k+1)G*G*
k=0

GF=9.dk+1 — 56“@’““) +m (ap®F—y, @52 5,02 0R))

- (_1)k k 2 k k(k_l)"k 2\ k
£F=Z%—§—-®(D+m)¢-— o (O+m?)d

Cangemi, Chiodaroli, HJ,
Ochirov, Pichini, Skvortsov



Non-minimal interactions

Cangemi, Chiodaroli, HJ,
Ochirov, Pichini, Skvortsov

. . min. non-min.
[ ] [ ] [ ] Z' 8
Ward identities: Vekgs a0 := Mo Vorgs 4n — P 1P1°8—61V<1>k+1<1>s,4b

m5k+2 o 0

TEDES) 9e. Be, Var+2gs A0

_|_

Constraints imposed:

(WI)
(CC)
(PC)

(ND)

Ward identities Vekgs 4 |(2,3),6%_>0 = 0;

' o —
Current constraint p; -5 Vq)sq)sAh|(2,3),€%_)O—O(m).

Power-counting bound on derivatives in non-

tnt : . non-min. S1+s82—2 .
minimal vertices: Vgorgh, ~ 0 1482 b(FW)h,

Near-diagonal interactions: if |s;—s2| > b then
V(I)S]_ PHs2 Ab — 0.

Gives unique Kerr and root-Kerr 3pt amplitudes (matching AHH)



HS perturbation theory

. . o - Cangemi, Chiodaroli, HJ,
Calculations expected to simplify in Feynman gauge: Ochirov, Pichini, Skvortsov

Feynman-gauge propagator for any field obtained as generating fn:

Z(e A(s) 1 1 — i€2€2
p —m2+i01 +e-e+ 162_2

Focus on root-Kerr Compton amplitude, we obtain
(3[1]4]*(U + V)2 N (3]1|4](13)[24] P2,

SHS A— AT —
A(R1®24; 44)= mAstistig mAst;3
Pos_q
+ (13)(32)[14][42] —— + C,
" f\ contact term
with a polynomial: P, = X2 {(U+V)k — (U - V)k} Czai=0

and variables V = 1 ((1|4|2]4+(2[4]1]), U = £ ((1]4]2]—(2]4|1]) —m[12]



4pt contact terms

Cangemi, Chiodaroli, HJ,

root-Kerr Compton amplltude: Ochirov, Pichini, Skvortsov

4pt Ward Id leaves 2 parameters unfixed at s =2

13)(32)[14][42]
m6

02=<

{c1(<12>+[12])2+02(<12>—[12])2}

Spin-s amplitude in terms of ring-radius operator:

h~0 ; - w)? 1-w)(a-w 1. 9
A(D30545 A)) —— —e‘“'“(gl.qj)z + & (7 .)Em ) + 2s(a-w))

+Cs 4+ 0(a%) + O(h), (

- See talk by Cangemi




Conclusion: Kerr dynamics proposal

Cangemi, Chiodaroli, HJ,
Ochirov, Pichini, Skvortsov

We propose that Kerr dynamics is non-trivially constrained by

Massive Higher Spin Gauge Symmetry

Checks:> uniquely predicts previously known Kerr 3,4pt amplitudes

- gives non-trivial constraints on unknown Compton contact terms

Further checks needed:
- Analysis of classical limit > Cangemi
- Comparison with Teukolsky equation (BH-PT)
- Newman-Janis shift at Compton level 2
- Uniqueness of EFTs 2

Possible future directions: implications for quantum BHs,
- including absorption and emission effects



