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Higher-spin field theories have a long history Fierz; Pauli (1939)

Currently, no fully consistent quantum theory with finitely many fields is available

Lots of (experimental) evidence that there should exist classical theories
of some higher-spin field(s) interacting with e.g. gravity
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Higher-spin field theories have a long history Fierz; Pauli (1939)

Currently, no fully consistent quantum theory with finitely many fields is available

Lots of (experimental) evidence that there should exist classical theories
of some higher-spin field(s) interacting with e.g. gravity

“classical”:

de Broglie wave length ! of particles much smaller than their
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Classical limit/expansion: O(1/|L|) ~ O(1/]S|) ~ O(|q|) ~ O(q)
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—— 5o are (classical) amplitudes mediated by such structures

Newton’s potential is classical Vnewton !

M= (p, g, S, 53) ~ > G | (classically divergent),, + |l M{™ (p,q, S1,82) + ...
n>1
Determined by lower-order
finite classical terms

M (p,¢q,¢7181,¢71S0) = M (p, g, 51, Ss)



Can such amplitudes be obtained from fixed-spin calculations?

An integer-spin-! particle has: """Single-photon form factors Rahal, Ren;
Khriplovich,
#1$%'Single-graviton form factors Pomeransky

split in several symmetric tensor structures (all fixed by group theory)

> Arbitrary spin dependence requires arbitrary-large spin



Can such amplitudes be obtained from fixed-spin calculations?

An integer-spin-! particle has: !"""$ingle-photon form factors Rahal, Ren;
Khriplovich,

#1$%'8Ingle-graviton form factors Pomeransky
split in several symmetric tensor structures (all fixed by group theory)

> Arbitrary spin dependence requires arbitrary-large spin

More technical: in spin-! representation

of Lorentz group
1

Momentum-space spin operator: So(p)" = - po

Finite-dimensional representations: symmetric product of sufficiently-many matrices
can be reduced to sums of fewer factors

Sym[Mlil!l_”MIJn!n]i I Ck,"S)/m[Nlu!l!!l___Mu!k!!k]
n=n o k<n o," ! !

> Arbitrary spin-dependent interactions require arbitrary-large spin

= Depending on order in &, reduction may be compensated by classical divergence



Why a higher/arbitrary-spin field theory?

- Provides framework for a natural diffeo-based completion of 3-point
interactions of HS fields and gravitons (i.e. of arbitrary multipole moments)

- Provides framework for a natural inclusion of additional structures that
do not have a 3-point matrix element (i.e. nonlinear response functions)

- Provides framework for direct comparison with existing GR calculations and
identification of variables (e.g. multipole moments «<— multipole moments)

- Prime applications: gravitational wave physics/spinning particle eff. interactions

- Existing Lagrangian-based approach: Porto; Porto, Rothstein;

Worldline formalism, developed and used for the PN expansion  Levi, Steinhoff
See also Yu-tin’s talk

- 4D field theory «—— efficient and powerful computational techniques

developed for scattering amplitudes

- A Lagrangian to aim for: HS fields are quasi-dynamical sources
propagate but '(")(*" form closed loops



Earlier work on amplitudes in classical limit in presence of spin:

Lots!

Damour, Holstein, Ross, Vaydia, Cachazo, Guevara, Bautista, Kalin, Porto, Arkani-Hamed,
Cheng, Huang, Kim, Lee, Buonanno, Steinhoff, Vines, Aoude, Damgaard, Haddad, Helset,

O’Connell, Maybee, Ochirov

O(G) 1PM amplitude of two Kerr black holes; arbitrary spins; GR methods Vines

Same from minimal tree-level !!, amplitudes Guevara, Ochirov, Vines
see also Huang’s and Vines'’s talks

Spin-1/2 and spin-1 calculations, PN expansion Holstein, Ross

Massive spinor helicity; a 4-point completion of the 3-point

. . _ Cheng, Huang, Kim, Lee
tree-level minimal amplitude; PN expansion

Spin-1/2, effective heavy-particle theory; full + dependence Damgaard, Haddad, Helset



A plan

Why higher-spin field theories; classical limit (1)

Asymptotic states and classical limit (2); Minimal and non-minimal actions

O(G) scattering of compact objects

One-loop four-point amplitude to bilinear order in spin

Conclusions and outlook



From fields to spin vectors

Standard description of integer higher-spin fields:
symmetric traceless transverse rank-- tensors

| d1dpdod ddaj dddn — | d1dpddd] dda dddm "a 3 | d1dzdaddiE — ) pa | d1dzdaddiE — )
: : , 1az " , 1"

needed to project onto spin-- representation of SO(3) ! SO(3, 1) Singh, Hagen

More important for our purpose: prevent use of representation-specific relations
between Lorentz generators
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| d1dpdod ddaj dddn — | d1dpddd] dda dddm "a 3 | d1dzdaddiE — ) pa | d1dzdaddiE — )
: : , 1az " , 1"

needed to project onto spin-- representation of SO(3) ! SO(3,1) Singh, Hagen

More important for our purpose: prevent use of representation-specific relations
between Lorentz generators

l Relax them

Flelds: | S'l'ujil"us — | Sal...as n al)(" 1(|u_|_ o " as)" S)!Us)

Polarization tensors: !(p)g,!,c&l_'_'_',!ﬂ:)) = D(p)! (O).!.Ull_'_'_'.!.u:
= D(p)"(0)' *! 44 "(0)'°! 40).y ! 448 40)q
1(0)" : localize the spin in some direction as much as allowed by quantum mechanics
1(0) =exp(zS: ! Z'S )!(0)+
n' = 1(0)"'1(0)= U';1(0)+" )1 (0)+
Rest-frame spin vector: S =sn=|S|n

Spin coherent state: Klauder, Skagerstam



From fields to spin vectors

Standard description of integer higher-spin fields:
symmetric traceless transverse rank-- tensors

| d1dpdod ddaj dddn — | d1dpddd] dda dddm n . | d1dp dadci O pa | d1dzdaddiE — )
. . J 1az - 1"

needed to project onto spin-- representation of SO(3) ! SO(3, 1) Singh, Hagen

More important for our purpose: prevent use of representation-specific relations
between Lorentz generators

Polarization tensors: '(p)(I L !S) = D(p)"(0)'*! 44k "(0)' s ! 'Z(O)ul' aah E(O)u

Rest-frame spin vector: = |S|!(O) '1(0) = |S|n
: : ' paS as i 1
Playing with boosts: po " Pa b = | "4
ying S(p,S) m S mEFmP " (m="! — P Ss(P)

"rsk prlpgsk +
@)
mm+ E(pyy) | O

L(s, p1)M 21 (s, p2) = S(p1,S)? (s, p1) & (s, p2) + O(q)

I (s,p1) &l (s, p2) = exp | L

(s, pl)%{M B M Y1 (s,p2) = S(p1,S)® S(p1,S)™ (s, pr) & (s,p2) + O(d 1Y)



Starting point for a Lagrangian:

Most general spin-dependent PT-symmetric stress tensor Rahal, Ren
Khriplovich, Pomeransky

1 | , .. ,
2! s(P+ A pup Fa(d”, (S&Q)%) + puMiy- g Fa(d, (S 4q)°)

+terms that lead to local 4-point interactions] ! s(p)

A “minimal-minimal” action:
1 1 1] 1]
Lmin = ! R(e,! )+ égu! st ts! émz s s



Starting point for a Lagrangian:

Most general spin-dependent PT-symmetric stress tensor Rahal, Ren
Khriplovich, Pomeransky

1 ! ) .. ]
T = 7's(p+ @) pup F1(?, (S &)%) + puMy-q F2(d?, (S &g)?)

+terms that lead to local 4-point interactions] ! s(p)

A “minimal” action
1 VRT non n 1 2u n H n ef ghmn
Lmin = ! R(e,!')+ ég M st (P! ém s s T §R(e,! Jefgh "sM = M s

Required by tree-level unitarity
Deser, Porrati, Waldron, Cuccieri, Liu, Giannakis

S

H=1 vs. H=
v 2(s! 1)




A covariantization of Ty comes from the action:

L = Lmin + Lnon-min modeled on Levi, Steinhoff’s worldline action

_ Y (D) Cesen

Loonmn = sz (e, EA( )i Rryars” (1) ST 80" (1)
n=1 '

|
| (1) Cggen
' _, (@n+1)! m2n+1

s 1 N | \ N
(M )t @dal(! )y, é#ab(c|f1Rab|d)f2 (1) ST, S (1)d

1] 1 1 i L] I 1]
L(! s Hust é! uefMef s Sl %!adeMcd#( )b

Stress tensor — expected general structure

_ivi%ﬁgn-min,E = pg“pg)Sym[(q -So(p1)), (¢ -So(p1)), E(q -So(p1))] + O(q, p7 —m?),
1

—iV3 onemin, B = _§m2qp(p2 — p1)“Sym[M*)?,q - So(p1), B(q - So(p1))] + Olq, p; — m?, pi' M,.)

Degeneracy: to this order quadrupole operator is the same as the Cgs2 operator

H = CE82
S
Sew together two of them 1PM scattering of two bodies 2
! 4S,)"! ) —  with arbitrary spin-induced
(P+ A(A8%0)" (P) | 45(m)" + O(q) ysP S,

'(p+ 9! (p) multipoles




A covariantization of Ty comes from the action:

L = Lmin * L non-min modeled on Levi, Steinhoff’s worldline action
(1 D) Cegen L
I—non-min — ( ) E52 n (| )f2n aala(l )f3Rf1af2b" (| )anss(fl ”.Son)u (I )buS
-, (@n)! m2n
I! n
) (' 1) CBSZ” n Z 4 1 ab n Cnu f f n+ )u du
! . (2n +1)| man+1 (' )f2n+1 aaé(! )f3§#ab(clf1R |d) f (' ) SS( 1,.. 82 (l )
1] 11} |1} i f 1] ! i 1
s s S et M " g Sl %!adeMcd#( )b

Calibrate to Kerr black hole: fix free coefficients by comparing with Vines'’s
Kerr stress tensor:
7
T* = mcosh(a - q)u*u” — —— sinh(a - q) ¢"S(p),*u"
a-q

a-q= LE qupvs(p)pa _ _Q'S(p) <\>\ Vines
2m?2 " m Covariant spin vector

—> CESQn =1 CBS2n =1 H=1

- Similar results from world-line + promoting the spin vector  Cheng, Huang, Kim; +Lee
to Pauli-Lubansky operator + massive spinor helicity See Huang’s talk

- Also, from minimal amplitudes (w/o free coefficients) Guevara, Ochirov, Vines



Double copy of the 3-point vertex with arbitrary coefficients

A higher-spin-YM Lagrangian:

1 |
L =1 ZFS! Fer For the purpose of the 3-point vertex,
1" o nonabelian nature is not relevant
| = Znidolowm L .
"9 22n m4n Hil1"1#1 +++ Hanlon"2nfon
n=0
DMHopHL Duzn)#sgsym[M i M "2n#2n]D(! op't D! Zn)#sg
I
+ }mz ) LII " n "
2 22n m4n ul' 1 1#1 . u2n!2n 2n#2n
n=0
DML DHzn)#SgSym[l\A i M "2n#2n]D(! 1 D! 2n)#sg
i !! En [} [ 1]
TS Smman Malitifico Hzalen" 202,
n=0

D DHendgs SymM i FHe'o, M tFr M 2nfen|D (e | DRI g



Double copy of the 3-point vertex with arbitrary coefficients

- Its 3-point vertex:
I

. I - 1
! |V3Hoa(sg)b(sg) :é(pzl pl)llo C#lll ----- M 2n!2n Sym[l\/l U1!11___,|V|H2n!2n]a(sg)b(59)
n=0
I
! ' E#l!l ..... uznlznsym[M Iio!oqIO MH1!1 MH2n!2n]a(S)b(Sg)
4 ) | I | g
n=0

- The double-copy of said 3-point vertex:

| | I qéso"r2m+2n
Lil(s, p2)V3‘f[g'C°! (s,p1) = piop;° C(n,m,s.,Sr)ChCn (s, p2) o 1 (s, p1)
n,m =0
! " #
I Z 2n+2 m+2
[ : a
B QS S)EREm (s, p) I (5,1
n,m =0
! S0t .,
I ChEm !(s,p2)Sym C(n,m,s_,sg)p°M'° °q
n,m =0
1 ) &" qé‘SO#Zm+2nI
SEH | 1M b My + Q(m,n,s.,sg)p’MMoog,, = 1 (s, p1)

2m m

- A useful identity:
(MHate M) o B 1 (M 2# M ) BSR) |

S=SL TSR = Q(n,m,sL,sg)(MHtht M HEnEn M L M T BOS)



E.g. double copy of minimal (lowest-derivative) coupling

- The vertex factor:
— iV s (q, p1, p2) = iph! a((SL)) —q (MM )y,

- The double copy of said vertex factor:

- ! o ! o !
L il(s,p2) ViRt (s,pr) = 1il(sL,p2)VaL °l(sL,p1) ! il(SrR,P2)VaR °!(Sr,P1)
| IV3,BIC a(s)b(S)(q’ P, p2) ! pl p;L a((z)) $S + SR SR G pﬁ(M | )a(s) o(s) + SL ¢ pll(M . )a(s) o(s)
1 S| SR Wl np 118 b(s) axion coupling for
Q 25(5! 1) G g (MM )as) asymmetric double copy

nonzero quadrupole H coupling

- The useful identity:

" | S| SR "
(M w )a(sL)b(SL) ! (M # )a(sR)b(SR)! = S(S " 1)(M 5 M # )a(s)b(s)



Higher-spin amplitudes at one loop (with an eye towards arbitrary spin multipoles
and higher loops/orders in &)
Lagrangian vertices: each factor of spin brings one more derivative

— -, .," amplitudes contain one numerator momentum per spin factor

> high-tensor integrals
» arbitrary-order in spin «— arbitrary-rank tensor integrals

IBP reduction cumbersome. At 1 loop: use massive version of Forde’s formalism
direct link between integral basis coefficients and generalized cuts Kilgore; Badger
Lorentz generator +— Spin dependence

Decompose products of Lorentz generators into irreducible representations
/01(20taking classical limit

1 1
z‘{,uun[pa 2{Z‘{uu7 Z‘[po} SM{MV7 .7‘{’00]
1 1 1
MHY VPO VIS — 4{2\[/LV7{_7\[/307 Mnc“}} Z{Mpa’ [MW, Mnc]} Z{MnC, [_]\[,LW’ Mpo]}

1 1
+ Z{ija [MPU7M7IC]} + Z[MMV, [MPU7M77CH

Each commutator reduces nr. of spins —— increasingly subleading in classical limit

— At 3loops, at most 3commutators can give classical results.



lllustrate some of these issues with the part of the one-loop amplitude
that yields all the S1 ! S, terms

H term is quadratic and symmetricin 4 -s —— cannot contribute

— Focus on the covariant derivative part of minimal action

Obtain needed quadruple and triple cuts from the two-graviton cut

282 382 282 382
g 516
REE e B 1_2" 172" physical-state
<m)jector
181 481 181 431
" 1 " l n 1 n
KM 1 (1 K = ZpH#p's 4 —p'# pus | pH p#$
| L) (k) 2P > 51 5
' Hk' + r* kM
Uy = 1Ry T
PR g =100 r ak

Four-dimensional helicity states may be used for gravitons
or keeping dimension generic and use trees that trivialize the projector



Higher-spin-graviton-graviton four-point tree for H=0
Evaluate directly from the action; turns out to have interesting KLT-like structure

M 11712910219, 95 3R 4hy = _47iG P p“S:; T A0 (10,20, 84 44) A1202 (10,27, 34, 44)
3 4

The building blocks —amplitudes for abelian vectors:

AP (15,25 34 41 =420 (19 20 34 41

B B o a
B 22.{ Py P ngiMVO‘ 4 ( Py P )p45iM‘w
P1 - P4 P2 - P4 P1 - P3 P2 - P3

1
P1 - P4

1
P1 - P3

A" (1020 3 4A)=pi PiPe, PiPe , PsPs* PiPs v
P1aps  P1aps P3 apa

Consistent with standard KLT -- it has a form independent of 3-A vertex:

M (20,2°,3",4") = 1 161 iG PRI LI LA (10,39, 20, 492
D3 ap4




Higher-spin-graviton-graviton four-point tree for H=0
Evaluate directly from the action; turns out to have interesting KLT-like structure

M 11712910219, 95 3R 4hy = _47iG P p“3:; T A0 (10,20, 84 44) A1202 (10,27, 34, 44)
3 4

The building blocks —amplitudes for abelian vectors:

AP (15,25 34 44) =42F (10 20 34 441

B B o a
o 22{ ( pl . p2 >p3’y,[:M’ya _|_ ( pl . p2 )p45?:M66

P1 - P4 P2 - P4 P1 - P3 P2 - P3

1 1
— P34P4s ( MY MPO + —M%Mow) }
P1 - P4 p1 - P3
A" (19,20,37 47) = 2] P, P + P P, N P5Ps + Py Py Lt
PLaps P11 aps P3 ap4

Obeys generalized Ward identities s physical state projector is trivialized in cuts
pnglM'Yl’YZ,(sl(sQ(lS’ 28) ?)h, 4h) —0 p3W2M7172,6152<1S’ 287 3h74h) — 0
p451./\/l'71’)’2,5152(187 2873h’4h) — 0 ]9452./\/l’)’l’)/2,5152(157 28’ 3h’4h) —0



The 5152 — 5152 one-loop amplitude: Bern, Luna, RR, Shen, Zeng

iM ;%P =dslg+dilg+c |, +c I+ +non-classica
ds =64G2mim,! 2 4m3m3(2" 21 1)%# &tuth ik M;i(a,b) = e(p;)M" e(p;)aub,
+8im2m2" (2" 21 1)(#h &M aa(p1, Q) ! Maa(p2, Q) &) M;j(e!,a) = e;M" e a,

+4m1m2(2"2! 1M 14(p2, QM 23(p1, Q)
+am?m3" (2'21 )3, Mua(e', OMas(e' Q) | 22mZm3" (221 1)$, $ M1a(e', €)M s (€', &)

27 .

+ SR @ 4 271 1%, Maa(@, p)Mas(€ o)
2m, " #

pr @22 my s (@21 3)m, B Mag(e, M€ py)

M1 " sy on2 2 # o4 o
togr g 7P 270 Dme+ " (4771 3)my $u1 M1g(e8, p2)M2s(e,q) + O(q)

2 2 - . .
a0 = —321°G*mie; - e469 -53{6m%m§(502 —1)+ m1m02§5fl 3)o (3l52(p1, q) — 4iS1(p2, Q))
2
+ {30507 = 1)S1(p2, DS (p1, G) + (502 = 3)ma | MM (S1 (€, S2(e”, )
2

—a’n.pS1(e",€)Sa (e, €7)) + Uzq_ 1 (2051(9”, P2)S2(e, p1)

My + Moo Mo +My0o

Si(€",p2)S2(e%,q) —

: e s )]} s



The S152 — 5152 one-loop amplitude: Bern, Luna, RR, Shen, Zeng

iM ;%P =dslg+dilg+c |, +c I+ +non-classica
dgp :64G2m1m27r2{4m‘i’m§(202 — 1)261 - E4E92 " €3 MZ] (CL, b) = €<pi)MMV€(pj>CLMb,/
+8imim3o(20° — 1)(e1 - eaMas(p1, ) — Mia(p2, q)e2 - €3) M;;(e",a) =&, M"e;a,

+4mima(20% — 1)M14(p2, ¢) Maz(p1, q)
30 (207 — 1)y Mya(e, q)Mas(e” q) — 20°mim3o (207 — Dy Mia(e®, o) Mas(e”, ¢7)

2
2(]2771—_17;2(404 — 207 — 1)nu Mia(e”, p2) Mas(e”, p1) All o* = 1 poles
3 related to
= _qu 77_121 ((40* — 20 — 1)my + o(40® — 3)m2) N Mia(e”, ) Mas(e”, p1) IBP reduction
g*my PR , ) R S 2
(S +02 = ((40 —20° —1)mg + 0(40° — S)ml) N Mia(e?, pa) Mog(e ,q)} + O(q) mims
2mima(bo? — 3o /. .
ca == 32m°GPmier - eaer '53{677”&%””&3(502 —1)+— 02_5 — ) (3252(291,(1) - 4251(292,(1))
2
+ 1 {3(502 —1)S1(p2, q)S2(p1, q) + (5o? — 3)0Nua [mlmg (51 (e, q)S2(e*, q)
2
— *nupSi(et, e”)Sa(e*, e?)) + 02q_ 1 (2051(6“,192)82(60‘,191)
mi1 + Mmoo o mo + mi0o o
LI (e p)Salet ) — T syl )i () L |+ O(PSY)
2 1



Comparison with low-spin calculations at one loop
a1, LMW, =S¥ (p), 1aMP 3= SH (py)

Reproduces spin-1/2 amp. from “Heavy BH Effective theory” Damgaard, Haddad, Helset

- Capture only leading order in the large spin expansion

- Makes it subtle to extract complete classical physics through e.g. EFT matching

Expansion of IM ! IOOp =¢ |, + ¢ |+ inCOM momentum agrees with

Holstein, Ross

1 Ioop

Expansion of M ; in COM momentum agrees with Chung, Huang, Kim, Lee



Tree-level and one-loop amplitudes of GR + HS fields to bilinear order in spin:
Bern, Luna, RR, Shen, Zeng

(Mostly) In terms of rest frame spin:

M 1;1 ree 4 T G

2
0 . 1,7 2,1
€4 €13 * &2 [(I’((:()l'.l + 2 Z a’((f(){f],)l (p X q) ' Sl + a(('()i',)lq ' Sl q- SZ]

/ - 2
4E2E2 q =1
i 1 20F 1
0y =-""2(1-20%), ald = —2 Q= ———(1-207),
’ Y172 ’ Y1Y2 ™My ’ Y172

11 o |
M, oop B 27T2G2C [ ) 2 L4) <
1EE, g b e |feva i) Qeova(P X q) - S,

J=1

+a®g-Siq-Sy+alhq? S, Sy +adlg*p-Sip- 52]

+aplp + agly .

(0) 3vm?

g = —(50* — 1),

? 47172( )

ay 1 o(50® =3) (4my + 3m2)E 412 _ 1 o(50%—=3)(3m, + 4m2)E
cov,2 T 471,72 o2 —1 my ) cov,2 T 4,7172 o2 —1 ma )

S @y m 200t — 2102 + 1 0z m  [200% —150% — 60 + 3
vET R 0% —1 b Ay (0 —1)p? '



For comparison: NNLO Hamiltonian

NNLO
HCOM SO —

+ 32"4 [—\/1 — 4n ((256 + 457)(n12 P)* + (314 + 39n)p?) (LA)
T12

+ ((—256 + 275n) (n12 p)* + (—206 + 73n)p°) (L 2)]

+

3223 [\/1 —4n(15m1z p)* + 3(9 — 4)(n12 p)*p?
12
+2(22n - 9)(p%)?) (L A) — (15(27 = 1)(n12 )"

#3017 — 110+ )00z p)D + 20577 — 3+ D)) L D)

Hartung, Steinhoff, Schafer

o

L[ 303
r4112 o p 4
< (18 + —77) n;;p) 2 4 (

(Tn+4)(pS1)(P S2)

)P) n1251 n12sz

)p) (S182)

+ {34+ %) (M2 P)((p S1)(n12S2) + (n12S1) (P S2))

CO/\»J&I@

tov1i-4 (n+3)(n12p)((f)Sl)(n12S2)—(nlgél)(ﬁéz))]

11 A RO
+ 3 [g (105n2(n12 p)* + 159(3n — 2)(n12 p)*p
12

+ 3(10772 +13n — 6)(132)2) (n12S1)(n12S2)

—

+2 (—3(8772 — 37+ 12)(m12 p)°p* + (Tn° — 230 + 9)(132)2) (S182)

= 00

+ 1 (97 mia )+ 402 + 250 - 95 ) (6 $1)(p S
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Tree-level and one-loop amplitudes of GR + HS fields to bilinear order in spin:
Bern, Luna, RR, Shen, Zeng

(Mostly) In terms of rest frame spin:
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Expansion of polarization tensors: further spin dependence
- same spin-dependent structures

- Input in the construction of an effective Hamiltonian See next talk, by Chia-Hsien Shen

- Input direct amplitudes «— observables connection Kalin, Porto



Video from
http://gw-indigo.org/tiki-index.php?page=Inspiralling%20black-hole%20binaries
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Summary

- Particle physics methods offer new ways of thinking about interesting
problems in General Relativity

- There exists a higher-spin field theory that is useful for computing classical
(limits of) amplitudes to any order in &

- Computed the 5152 — 5152 to bi-linear order in classical spins and to
all orders in velocity



Summary and outlook

- Particle physics methods offer new ways of thinking about interesting
problems in General Relativity

- There exists a higher-spin field theory that is useful for computing classical
(limits of) amplitudes to any order in &

- Computed the 5152 — 5152 to bi-linear order in classical spins and to
all orders in velocity

Future looks bright and loud!
- Prime applications of this formalism are to gravitational wave physics

Some obvious problemes:
- Higher orders in Newton’s constant in presence of spin
- Higher orders in spin (multipoles)
- Emission of radiation from interactions of spinning bodies
- Interface with formalism of Kosower, Maybee, O’Connell, Vines
- Constraints on HS theory from fundamental properties (in progress)

== Expect new results in the future



Thanks



