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Overview

@ Review of results for classical scattering of spinning black holes
plasla p27S27 b — pllﬂSiv p/QaSéa v
in the post-Minkowskian approximation to general relativity
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confirmed complete and generic; conjectural/partial/specialized; no results
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@ Amplitudes for massive higher-spin particles exchanging gravitons
@ A spinning test black hole (?) moving in an exact Kerr background
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Elastic aligned-spin scattering of two black holes
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my Mo spins Sl = mia; = Gml dl
SQ = Mo ag = Gm%dg
“proper” impact parameter b(coy)
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s=E?=m?2 4+ m3 + 2mimay

relative velocity v () :

scattering angle: [..., Westpfahl ’85, ..., Bini-Damour ’17-18, ...]
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Elastic aligned-spin scattering of two black holes
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[..., PN, ..., Bini-Damour '17-18, ..., Guevara, JV, Steinhoff, Buonanno,
Ochirov, (Chung, Huang, Kim, Lee,) Maybee, O’'Connell, '17-19, ...]
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Elastic aligned-spin scattering of two black holes
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[..., PN, ..., Bini-Damour ’17-18, ..., Guevara, JV, Steinhoff, Buonanno,
Ochirov, (Chung, Huang, Kim, Lee,) Maybee, O’'Connell, '17-19, ...]

_GE| (1+w)? N (1—v)? +3_4+'172G(ml—|—m2)
T |btarta  b—ai—as 4 b2
2+ 30? [ G(4
o + 3 (m1+3m2)a1+1H2 L
v b3

I _7n17n27vb+E—nL1—n1,g[E( +az) — (my — ma)(ar — )}'SR
can — B 2 ap as mq meo)laq a9 : ’

=J-5 -5

Justin Vines Max Planck Institute for Gravitational Physics (AEI) Potsdam ' Spinning black holes versus quantum higher-spin particles



Elastic aligned-spin scattering of two black holes
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[..., PN (..., Levi-Steinhoff NNLO-S?), ..., BD, ..., Guevara, JV, Steinhoff,
Siemonsen,Buonanno,Ochirov,Chung,Huang,Kim,Lee,Maybee,O’Connell]
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Two-BH x through O(G?c*) from a test BH in Kerr?

mq mo

[..., PN (...NNLO-52), BD, ... Avuni tiameaHH, GOV, CHKL, KosowerMO, ++ ...]

(1+0v)? 5
Z P <Gm2F(v,b,a1,a2) +1+2 +(’)((1‘142)> +...
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Amplitudes for massive spin-s particles and gravitons

JA Ph
Pa Db

ma; Sa mb) Sb

“Minimal coupling” (high-energy limit) [AHH] [Guevara, GOV, CHKL, ++]
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1 2t fors < 2.
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Nonspinning black holes as point masses (monopoles)

Effective action W
for spacetime metric g
and masses m, with worldlines = = z,(,):

1 4
W_W/d w\/—gR—;ma/dTa.

oW
dg

ow
02,

=0 = geodesic egs. for worldlines z,.

=0 = Einstein field eq. for metric g,,,,, with

a0,
T =Y / dr, sy T~ %) (nga)

(when g, 2"'2" = —1)

... good for test bodies in a background.
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Nonspinning black holes as point masses (monopoles)

Effective action W
for spacetime metric g
and masses m, with worldlines = = z,(,):

_ 1 4
W—m/dx\/ gR za:ma/dTa.

oW
g

ow
02,

=0 = geodesic eqgs. for worldlines z,.

=0 = Einstein field eq. for metric g,,,,, with

T — Z/dra 3 Su(x, za)

(when g, 22" = —1)

... good for test bodies in a background.
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Perturbative approximation schemes

. 1 4
point masses: W = m/d x/—gR — za:ma /dTa

@ post-Newtonian: g, dz*'dz” = —(c? + 2U)dt? + §;;dz'da? + O(c™?).
@ post-Minkowskian: G = Nuw + hyw + O(R?), h ~ O(Q).

@ post-test-body: Guv = G5 + hy + O(B?), h ~ O(my),
(“self-force”) MKerr ~ M2 > M.
— self-force results: motion is geodesic in an effective regularized

perturbed metric satisfying the vacuum field eq.
[..., Detweiler, Whiting, Wald, Gralla, Poisson, Pound, Harte, ...]
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Spinning bodies and higher multipoles

Minimal degrees of freedom (others “integrated out”):  worldline z(7)

plus local Lorentz frame (“body-fixed” vierbein) A (7).
DAY

Internal Lorentz symmetry = dependence only on Q#" := A“*‘Ta,
-

W = /dT L(z,%2,9)[g] + constraints.

: equivalently, phase-space action : general covariance

(e

1
W = /dT {puéfﬂ + §SHVQ#V - BILS;U/pV - 9

[p2 + M?(p, S, 2)} }
momentum p,, and spin S,,,, varied along with z, A,* (and «, 5*).

Dynamical mass function: —p? = M?2 (p,“ Sy G (2), {RMVH)\;N<Z)})'

_guupupy _ N=(a1an)
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Spinning bodies and higher multipoles

Dynamical mass: —p? = /\/12(\/]?_“?, Suvs G (2), {RNVNA;N(Z)})'

Equations of motion: 0=25,.p",
D 1 vakh _ P 7 z D 2
arPr T B 28T = g n M
D 0
g _gplerl — s ple 26k 1 2
I plHZ p z<p om0 + pasu]p nM

: Mathisson-Papapetrou-Dixon-Harte &V, T =0 with

TH (z) = /da {p(”z'”)64(x, z)—V, [Sp(“z'”)&;(x7 z)}

L 3= 0lnM?
2 n—0 6R(xﬂ"/6;N

G4 Raprys,nda(e, 2) + \QﬁéRggﬁw(N)( )1 }
v
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Spinning bodies and higher (spin-induced) multipoles

2 2 T — 2 7 p#
p* =M u,a,z)[g]—m + O(R). ut =
_p2
Bare-rest-mass-rescaled spin (ring-radius) vector:
n 1 MUK KA
ot = 7%6 Uy Sk = Sy = Me€uau”o”.
Minimal MPDH eqgs.:
D 1 yern P2 D
Epﬂ‘k §Ruy,§)\2 S A= TDj HM2
D 0
75’#”_2[#'1’]: 1 2
dr bz < 8u,,] 8al,> n M

[..Goldberger..Rothstein..Porto.. ..Marsat.. Levi-Steinhoff ...]: Consider

M2
m2 =1+ CQRuaua' + C3Ruauo' o T C4Rua'ua';0'a +...+ O(NR2)
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Relevant couplings for a spinning test black hole

@ Suppressing indices, *’s, u’s, dimensionless coefficients,

MQ

5 = 1+ Ro’> + VRo® @ V’Ro' @ V’Ro® ® V'Ro® o. ..
m

@ R’¢* @ VR?¢® @ V?R*s% @ ...

@ R30S P...

plus many other R=? terms with nonzero powers of m,

k Lo\ 412 6 53
@(mV) (UV) (m) (mR & m’R @...),
e.g.: m*R? terms, k,,n = 0: leading adiabatic quadrupolar tidal effects

@ Reasonable conjecture?:
If a spinning test black hole limit exists, it should have only m° terms.
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Linearized matching to Kerr

@ Exact Kerr in Kerr-Schild form (1,1# =0):  gKer™ = 1, + o1, 1.

A\
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Linearized matching to Kerr

@ Exact Kerr in Kerr-Schild form (I,,i* = 0) :

gff,frr = N + (PZM l, = Nuw + h“,, + 26(H§V),

where h,,, is an exact solution (off the disk) of Ch*” =0 = 9, k" :

4Gm

R = P exp(o * 8)"),, .

(0% D), = €, no™O.
e Take T"[z,u,0, M?,g] with g,,, = 1w + hyw + O(R?) and z = geod.(n)
and solve [hy,, = —167G Ty, + O(h?) for hyy, = hyy — 310",

@ Match, fixing the ~linear-in-curvature couplings:

2m

M2 _ m2 1 1 N 1 2
—— = (Q!Ruo-ug- + gRuauo’;o’ + IRuUuU;UU + .. > + O(NR )
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Couplings quadratic in curvature and quartic in spin

_ 2 2 px* 2
- ]- - ﬁRuauo’ + aRuaug’;g’ + ﬂRuauo’;o’o‘ + L

&~ R%25* D ...

In terms of the STF tidal tensors, £, = Ruxau"u?, By, = RS, yutu?,

M2

6(?)4 = C4A (80'0')2 + C4D (800)2
+ Cup go-ugo-MO'Q + Cy4r BO-MBO-MO'2

+ C4C g/Lygl“jOA + C4F B[LVBMVO-4 + C4G Ruaua;uugz-
Aligned-spin scattering in Kerr at O(G?0*) depends only on

Caa = Csa + Cyp, Cac = Cyc, Che = C4E + 5
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Couplings quadratic in curvature and quartic in spin

Effective test black hole:

W =1- %Ruauo’ + %RZUUU;U + %Ruauo’;o’a + ...
+Cy Rt @ ...

Aligned-spin scattering angle for the test black hole
in a Kerr background,
at the leading order in the ultrarelativistic limit v — 1:

3157(Gm)2(5b — 4a)o? Cyp + 2C4c + Cie
‘= ( )4(2_ 2)3/2 Cic +O(1 = 020
256(b + a)*(b? — a?) 1—v

+ O(G%0%) + O(G?).
=  wewant Cyy +2Cc + Cpe =0 ?
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Matching to perturbed Kerr (self-force)

[Siemonsen-JV 1909.07361]
@ For an arbitrary-mass two-black-hole system, assume the validity of

(14 v)? 5
Zb:ﬁ:aliag <Gm2F(U,b,a1,a2)+1 ~ 2 —5—0((1’]_2)) +...

with F'(v,b, 0, a) determined by a consistent test-black-hole limit
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Matching to perturbed Kerr (self-force)

[Siemonsen-JV 1909.07361]
@ For an arbitrary-mass two-black-hole system, assume the validity of

1:|:v -
F 1< 2+0(a].
Z bxay +ao (sz (v,b,a1,02) +1 0 2+C (01A2)> -

with F(v,b, 0, a) determined by a consistent test-black-hole limit

@ Assume the existence of a local-in-time canonical Hamiltonian H for the
two-body conservative dynamics—determined modulo gauge by x—,
and employ the associated
first law of spinning binary mechanics [Le Tiec+] (circular, aligned-spin),

dE:QdL+Z(zadma+QadSa),
a

oH

to compute the (Detweiler) redshift invariants z, = 3
ma

on
0S5,
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Matching to perturbed Kerr (self-force)

[Siemonsen-JV 1909.07361]
@ For an arbitrary-mass two-black-hole system, assume the validity of

e

(1+0)° GmaF(v,b 12+0(l,) ) +
X="3 Zbi—i— moF'(v,b,a1,as) + +O(aj 5

with F'(v, b, 0,a) determined by a consistent test-black-hole limit.
@ ... local-in-time canonical Hamiltonian ... first law (aligned, circular) ...

4B = QdL+ Y (2 dma + 9, dS, ),

@ Take the my > m; limit and compare to self-force results
for z; [Kavanagh, Ottewill, Wardell]
and ©; [Bini, Damour, Geralico, Kavanagh, van de Meent]

= (e +6Cy. =0, Chq +3C4e = 0.
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Matching to perturbed Kerr (self-force)
[Siemonsen-JV 1909.07361]

(1+0)? . 5
Z E— <Gm2ﬁ(v7b,a1,a2) +1+2 +(9((11_2)> +...

The AHH-Guevara-GOV result,

T 9 [d¢ (1-vQ)! ¢—
202 0b | 2mi (C2—1)3/2( —Ga-

v -1 E
T CO’) +O(c°)?
corresponds precisely to Cy, = Cy, = Cye = 0, which is the unique
solution of the two equations from circular self-force matching and the
one from a finite ultrarelativistic limit (v — 1).

F(v,by0,a) =

Further comments:

— eccentric self-force results
— applicability of the first law
— higher orders in spin

: GB
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