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Classical BH dynamics - PN, PM, spin

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

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

Post-Minkowskian (PM) expansion: iSQ
Gravitational scattering: : my
72

expand in G > loop expansion
- Vanhove's talk

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

expand in S; and S, | :I(?i;ﬁ;:?sr;i;cgltfr;ing ampl’s




Kerr BH Compton scattering

Ry Ry

LrpT ~ <I>S(|:I+m2—|—R—|—R2+ s .)(I)S

BH BH
m,S m, S

Eternal BHs = asymptotic states  (m,S,Q =0)
Loops probe finite-size effects

(horizon, tidal effects, QNM, etc.)

Tree-level = superextremal Kerr Gm < §/m

rqg = 2G'm

Point-particle approximation valid
Compton - BH dynamics = BH EFT



Motivation

The AHH higher-spin amplitudes

The problem of Compton scattering
Higher-spin gauge symmetry and EFTs

Chiral HS fields and Compton spin-s result

© © o o o o

Conclusion



Higher-spin 3pt amplitudes & Kerr BH

Natural higher-spin gravitational 3pt amplitudes: 2
5 58 (12)* 3
M(1®%,2®°,3h™) = (e5 - p1)* — s
[12]28 1

M 1@8,2@3’3h— = (g5 - 2
( ) = (&5 1) e Arkani-Hamed, Huang, Huang (‘17)

Linearized energy-momentum tensor for Kerr source Vines ("17)

T,ul/(_k) — T 5(p . k) p(ﬂexp(m—ls % ’l:k?)u)ppp

Non-minimal worldline action for Kerr: Levi, Steinhoff (‘15)

— (=1)" Cggz2n E e
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oo n
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+ Z:l (2n 4+ 1)! an DH2n+1

(spin-multipole expansion)



Spin operator (QM)

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

Classical and quantum spin related as:

S

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

Transversality of spin vector: p; -5 =0
Equals an expectation valve: S§H = (S’“’) = (2)28 . GH . (z)2s

Gives spin operator:  [S#, 5] = iet*P S, S? = s(s+ 1)1



Massive spinor helicity

Following AHH bold massive spinors <> symmetrized little group indices

i) = 20, 1] =[5, AW

(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

el = o™it} _ o™ (1)l — V2222l — (22)%el
) 1,— 171 T, 1,

CoV2m V2my 7’

Higher-spin states automatically symmetric, transverse, traceless

J1 2 fls pi_p2 s
i € & & =

g degree-2s polynomial in 2}



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 >M3 1
A\/ Kerr <e:l:p3 a>ACoulomb
Su

m

with ring-radius operator:  a* =

(original argument: Guevara, Ochirov, Vines; see also Chung, Huang, Kim, Lee)



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—*




Gauge theory root-Kerr

Higher-spin gauge-theory: root-Kerr amplitudes 3 4

same helicity case:

(12)%°[34]7

A(1d5.20°5.3AT . 4AT) = 4 Ochirov, HJ
( ¢ ) ¢ 7 ) ) Zm2s_2t13t14
oppsite helicity case: 2 1
- 2a=2s 42](31))2
A 26" 3 aar) — _APIB(41E2) + UAGL 5

t13t14

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

1

T35 > need corrections
P1[o)“°~

Again, for s > 1 spurious pole




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,
Kerr amplitudes related to gauge th. via double copy HJ, Pichini

M(1¢%,2¢%, 3h*) = iA(1¢°C, 20, 3AT) A(14°R, 20°R , 3AT)

The general spin-s 3pt amplitude > generating fn

Az — (€1 £2)° Aop1)2 )

M(1¢°,2¢° 3h) = M + A (A +
> M(1¢°,2¢°,3h) = Mogj2 + Awwa( Avsry (te &)+ Der pes p

25=0

From double-copy structure, we can infer:

EFTs S:1 s=1 3:3 s =2 3:5 s > Cangemi,
/2 /2 /2 2 3 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)



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



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

We write down ansatz for off-shell interactions: Cangemi, Chiodaroli, HJ,
Ochirov, Pichini, Skvortsov

3

p p
Voga ~m (61)2 (62)2 €3 (ﬁ + E)’
2

p
VB@A ~ m (61) (62)2 €3 (W -+ 1),
p
Vga~m(e) e (E>’

and constrain them using Ward identities

Veza | (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\
V@A -= \/§mV¢5A — 2p1'6—€1V35A + ﬁ (8—61) Vowa-

3
<1nf4> (e1[12] + (1 — e1)(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:

1 1 — %€2€2

p?-m2+i01 + €. €+ ;€€

A(G, E) = Z(G)S.A(s).(g)s _
s=0

e.g. for root-Kerr Compton amplitude, we obtain
(BL4](U +V)* | (3[1]4](13)[24] p(2s)

A(PSPSA; AT) =
( 1+24%3 4) m43t13t14 m43t13
P(2s—1)
+ (13)(32)[14][42] —r + Cs,
f\ contact term
k k Cezni=1
C1" —iG 8<2
with a polynomial: P®¥) = 2122
1 — S2

and variables ¢1 = (1|1+4|2], ¢ = (2|2+3|1]



Chiral fields (2s,0)



Chiral higher-spin approach

. Ochirov, Skvortsov;
Easier way to get correct DOFs: Cangemi, et dl.

Change Lorentz rep. (S, S) —p (28, O)

Chiral fields D) = Dy, . SL(2,C) indices

Minimal Lagrangian £ (D, ®|DH®) — m2<(I)|(I)>

min.
Gives ""correct’’ all-plus helicity amplitudes:
An(ls? 287 3+, 4+, Ty ,’n,+) — <12>23A2Ca1ar

However, breaks parity badly, and also naive renormalizability...

}\cm w2 (@]3) + O(@")

Chalmers, Siegel



Non-minimal chiral interactions

Cangemi, Chiodaroli, HJ,
Restore parity at 3pts > AHH 3pt amplitudes: Ochirov, Pichini, Skvortsov

Root-Kerr non-minimal interactions:
2s—1

L) = (D, ®|D"P) — m?(|®) + Z <I>|{\D\D|@k® F \}|<I>>+(’)(F2)

Kerr non-minimal interactions:

28—2
1

— 1 m? 2s—k—1
Lkerr = —g{i(V,ﬁIﬂV“@) — 7<(I)|(I)> S — Z

4
k=0

@l{ (F19)**o R-1}I2)

+ O(R?)

. . . 1
Interactions behave as geometic series ~ —— O |F_]

1—|D|D|




Omnipresent polynomials

Consider geometric sums:

<) $i S ks 6165 S
O O O »O 0O
S
¢1 — S2
_ S1
- + perm(gh C2, §3)
In general: (61— <2)(s1 — <3)
Complete homogenous symmetric polynomials: Cangemi, Chiodaroli, HJ,
Ochirov, Pichini, Skvortsov
k
(k) S1
P, = + perm(s1, 62, - - - Sp)

(¢1 —<2)(s1 —¢3) ... (s1 —sp)

Compton spin variables:

q = (1144]2], &= (2243]1], =m(21), ¢=m(21]



Constraints for fixing R? contact term

Assumptions: contact terms depend only on  C'(¥) = ()| p(F)]

e well-behaved classical limit s — oc;

e compatible with massive higher-spin gauge invariance;

e s-independent numerical coefficients;

e parity invariance

e all contact terms have spinor-helicity structure N((13><32>[14] [42])2
e classical spin hexadecapole S is fixed by s = 2 amplitude

e improved behavior in m — 0 limit: M (15 2%37,4") ~ m~4st4



Kerr amplitude from chiral fields + contact

Cangemi, Chiodaroli, HJ,
) ) ) Ochirov, Pichini, Skvortsov
Final Kerr Compton amplitude (quantum spin):

11414P39)  (13)[42](3[1141° _s.
M(ls, 25, 3—,4—+—) — <3J1| ] 1 - < 3>[4 ]<3| | ] P2(2.5) +
m*3si12t13t14 m*$s12t13
(13)(32)[14] [42]
+ —
m4.s 2812
(13)%(32)?[14]*[42]?

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

m45812

(311142 P>~ + m*(3|p[4]2 P>~ V)

(3[1[4)(3|pl4] (Ps>* ™ — m2(12)[12]P{**?)

25—2 25—2 s
(2)[12][(1 + PP + (1 - )PV | +acl).

Bautista, Guevaraq,

Includes some dissipative effects after matching to BHPT | 2
avanagh, Vines, et al

Does not incude: near-zone contributions or loop corrections

(similar expression for root-Kerr gauge theory)



Root-Kerr Lagrangian and classical amplitude

. . . Cangemi, Chiodaroli, HJ,
Chiral Spin-s Lagrcmglcm (gauge theor)') Ochirov, Pichini, Skvortsov

2s—1 .
Zg — —
L = (D,@|D"®) —m(®]®) + > S (0[{ DD || }[0) + O F- )
k=0

2s—4 25—3—1 2
T Z Z 2(3—|—l)—|—6 <(I)|{(|D|D|+m )@|D|D|®‘7@|D|D+|®k@|D+|D|®(Z ok }|<I>>
k<l=0 j=0

/ hay / -
Field-sirength dependence: §s = 1{T° T} F¢|® |D|F¢|D|

Classical root-Kerr amplitude: __lim A(1,2,37,47)

[T, TC4] 1 {TC3 T} , w
= —2¢%(p- ¥ 2{( (excosh,z—we"’jsmhczqL

A (pq1) 2 (p-qu)? 2
[TCg TC4]< 9 9 9 _ }
w?+ 2 w(r —y+ z )Em,y,z :
?(prqu) ( ) ))EL )
. r=a-qL, y=a-q,
eV — e” cosh z + (x — y)e* sinhc z . o

E(z,y,2) = (z — y)2 — 22 + (y = —y) z:\a|p L w="2 ;f.quL



Final classical results - Kerr BH

Classical root-Kerr amplitude: _lim A(1,2,37,47)

S—r OO

1 {TC3 Tt
2

w

o2 e Tc4]
=27 X) {< Tooan) "2 o)
|

(2w %) - <x2—y2+z2>)E<x,y,z>}.

>(e$ cosh z — we*sinhc z +

[Tes, Te
C@(p-qu)

Classical Kerr BH qmplifude; Cangemi, Chiodaroli, HJ, Ochirov, Pichini, Skvortsov

E(x,y, Z))

Y
M(1,2,37,47) = % (e“’ cosh z — w e”sinhc z + ¢
4 .2 2
p-x)t w—= -
' q2( (p-qi)2 7 W oEEy2)
(- x* (wz—zz)z(af? o @)
(p-qu)* 2 oz ' 0z

+ az (polygamma terms)

Matches explicit BH perturbation theory from GR > Teukolsky eqn.

up to spin 87 (ignoring polygamma terms) Bautista, Guevara, Kavanagh, Vines



Conclusion: Kerr dynamics from HS

Kerr dynamics is non-trivially constrained by

- massive higher-spin gauge symmetry
— power counting, current constraint, ...

Checks: > uniquely predicts previously known Kerr 3-4pt amplitudes
- constrains S > 2 4pt contact terms, but not unique...

Additional constraints imposed:

- chiral Lagrangian,

- symmetric homogeneous polynomials, ...

- classical limit consistency,

- matching to Teukolsky BHPT (mod. polygamma terms)

Outlook: 2 classical loop corrections to Compton
- implications for quantum BHs,
- including absorption and emission effects



