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Abstract: Following the advent of LIGO measurements, it has been recently observed that QFT amplitudes can be used to derive observables
appearing in the scattering of two black holes, to very high orders in perturbation theory. Such framework easily fits into the Post-Newtonian and
Post-Minkowskian expansions appearing in the treatment of the binary inspiral. In this talk we will review recent progress in this direction for the
case of spinning black holes, focusing on radiation and the multipole expansion. From the QFT point of view these are in close relation to
long-studied Soft Theorems.
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GW Catalogue (1811.12907)
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e Asmore precise measurements will take place (i.e. LISA), more
accurate templates are needed (i.e. through EOB)
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CFT, Defects, SUSY, etc...
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Non-perturbative

_—"" (e.g.Resurgence)
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CFT, Defects, SUSY, etc...

Scattering Amplitudes
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From 2-Body Problem to 2 — 2 Scattering

e Inthe PN case one looks for the potential
(off-shell) modes, i.e.

Limit Perturbation theory
E = (’U/T’, ]./’I') Newtonian gravity post-Newtonian
my Gm  v*

;i : €= o0 — ~ 1, - ~ 3 <1
leading to an instantaneous long-range my red ¢
potential valid inthe nearzone 7 < A;aq special relativity post-Minkowskian

. . . . ol my G‘n'l e 132 -
e Post-Minkowskian expansion gives G0 o~ <]

o Theradiation field infar zoneregion , 5, )\

o Aresummation of PN orders
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OPN||1PN| 3PN | 2PN | 3PN | 3PN | IPN | 4PN 5PN | 5PN
spin®: OPM: | v? v? v® V8 v'° v'?
1IPM: | 1/7 ||v?/r vl /r 08 /r v /r v'%/r
2PM: 1/r2 v?/r? v /r? 08 /r?t v®/r%t
3PM: 1/7-3 'v2/r3 v“/'ra 06/1'3
4PM: | 1/ v?/rt v /r?
spin’: 1PM: va/r? v3a/r? va/r? v'a/r?
2PM: va/r? via/r3 av® [r°
3PM: | va/r? v3a/r?
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PN information. PM information. PN-PM overlap, and match! Unknown. {iTail terms.

From J. Vines (AEl)
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From 2-Body Problem

Compute perturbative observables from a
2 body scattering amplitude

Classical scaling follows from
J=rxp>1, where frwhiq
Easy to obtain observables, i.e.

gauge/frame independent quantities.
o  Scattering deflection Apl = —Ap}'f

o Radiationfield  lim, o Ay (7)

These can be mapped to binary system
data (same potential, same EOM)
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to 2 — 2 Scattering

% A
M, =
ar %b

"N\ A
My =
aX xb

Kosower, Maybee, O'connell 19
(see also Goldberger & Ridgway 17,
Shen 18)
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From 2-Body Problem to 2 — 2 Scattering

e Compute perturbative observables from a

2 body scattering amplitude 1705.10262 w/ F. Cachazo

e Classical scaling follows from

J=rxp>1, where frwhiq

e Easytoobtainobservables, i.e.
gauge/frame independent quantities.

% A
o Scattering deflection Apl = — Ap’,“’ 4 kﬁ
j (q_.?, 1903.12419 w/ F. Bautista
o Radiationfield  lim, o Ay (7)
A P1 D3 %

e These can be mapped to binary system
data (same potential, same EOM)
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2PM Effective Potential <= 1-loop Scattering
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:: NSRS

(a) (4 (¢) (d)

(€) (f) (9)

Figure 2: One loop diagrams of gravitational scattering.

B. Holstein and A. Ross (0802.0716)
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What do we learn
from Soft Theorems?

Pirsa: 19050032



What do we learn
from Soft Theorems?

e Massive body accelerating in a finite interval of time

e Atr o wecandrop Coulomb modes to get

T, () = VBG (1ui — a2 ) 4 0(u)

Py -k+ie Py -k—1e€

i.e. Weinberg’s Soft Factor

e Long-wavelength behaviour is universal. Independent of
the acceleration or internal structure
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( plp,plu p2pp21/ )
pl 'Q‘I‘ZE pz.q_ze p2 :pl +q

plpply S(pl : (I)
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pl'Q‘|"l€ pz.q_?‘e )p2:p1 +q

( plp,plu Pzp,pzv

pluply 5(291 : (J)

e Nosupport for radiation! (need to include driving
force)
e Still useful as building block

e Unique, fixed by little group
e Double Copy of photon vertex /pl
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What about Spin?
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What about Spin?

1J — I1d_J
Q p— nﬂyeﬁtgez/

Spp — fds [—d:“ef,,p] + %SIJQL] +
%e (pIpI — m2) -+ e/\IS”pJ]

I_J __
S1r€.€y = €uvpep’a’
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(€-p)> + 7 (€-P)Fu J™ + O(K*J?)

(Fu = 2kj,€))
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(e p)* + 4 (e p)Fyud™ + O(KJ?)

(F}LV . zk[p,ey])

It has long been known that the Kerr BH has g=2. This is fixed from
general covariance.
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Weinberg’s Soft Factor (Equivalence principle)

Cachazo-Strominger Soft Factor (g=2)

(e-p)* + % (€ p)FuwJ" + O(K* J?)
\

(Fw = 2ky,¢€,)) NS vs BH

It has long been known that the Kerr BH has g=2. This is fixed from
general covariance.
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Weinberg’s Soft Factor (Equivalence principle)

Cachazo-Strominger Soft Factor (g=2)

. 1) 2 9(.. m 2 12
4
(- p)* + 4 (e p)Fyu J" + O(K*J?)
\.
NS vs BH

It has long been known that the Kerr BH has g=2. This is fixed from
general covariance.

(EW = zk[pzey])

How do we fix higher multipoles? We need to consider spin-s
particles to get spin® terms

Are these universal in any sense?

Page 30/46



How to fix all orders in spin? We can...

1. Consider only minimal coupling to gravity (Guevara 17/ Guevara, Ochirov, Vines 18/
Chung 18)
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How to fix all orders in spin? We can...

1. Consider only minimal coupling to gravity (Guevara 17/ Guevara, Ochirov, Vines 18/
Chung 18)

2. Impose a new double copy criteria (Guevara and Bautista 19) As g=2 is always true in
GR but not in QED this fixes the QED dipole (“the minimal coupling”, Holstein 06). It
turns out it fixes much more:
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How to fix all orders in spin? We can...

1. Consider only minimal coupling to gravity (Guevara 17/ Guevara, Ochirov, Vines 18/
Chung 18)

2. Impose a new double copy criteria (Guevara and Bautista 19) As g=2 is always true in
GR but not in QED this fixes the QED dipole (“the minimal coupling”, Holstein 06). It
turns out it fixes much more:

Agh’s (JF“’) ® Agh,E (j';w) _ Agr,s—l—s—s (Jl“'” o J"Iw)

\/

o] = + [T s + 1o
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How to fix all orders in spin? We can...

1. Consider only minimal coupling to gravity (Guevara 17/ Guevara, Ochirov, Vines 18/
Chung 18)

2. Impose a new double copy criteria (Guevara and Bautista 19) As g=2 is always true in
GR but not in QED this fixes the QED dipole (“the minimal coupling”, Holstein 06). It
turns out it fixes much more:

AR (i) @ AR (J) = AT (g @ J)

o F I;u.'
, 2 ws
A = 5(€-p)° X exP( ‘zg_p )
— , ,_ e o w2
_ 2 w w .
= %(f ') (1 + lgf.p + [ igf.p } + .. ) (truncates for finite reps.)

Agrees with Kerr Stress Energy tensor in momentum space! First order in G, all orders in
spin.
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The new 3pt. Amplitude

e |tcorresponds to alLorentz transformation, e.g. “Spin holonomy” or
parallel transport

e |tcan be gluedinto higher point amplitudes

e |n particular this builds the Compton amplitude => Radiation and 2PM
Scattering Angle. At least up to S* (hexadecapole) order
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The new 3pt. Amplitude

e |tcorresponds to aLorentz transformation, e.g. “Spin holonomy” or
parallel transport

FJ" F J*
exp( ) =p exp( T )[ed) = |e3)

e |tcan be glued into higher point amplitudes
kl : k’2 ; . kn—2 ?
Pl P2 Pn—l

- H(Pvz-fq:)h(62|e"7"‘2- elt|er) = H(Pi'ﬁvl)h<52|§2>

2

e [nparticular this builds the Compton amplitude => Radiation and 2PM
Scattering Angle. At least up to S* (hexadecapole) order
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Choosing the gauge ¢ - ¢, =0 the Compton amplitude indeed
exponentiates up to s=2

(from Guevara, Ochirov, Vines)
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Choosing the gauge ¢ - ¢, = 0 the Compton amplitude indeed
exponentiates up to s=2

A5 ( kT ks ) = AB0 x exp (2l
4 P1, P2, 1 2o ) — 41y €XPp 2¢-p

(from Guevara, Ochirov, Vines)
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Choosing the gauge ¢/ - ¢, =0 the Compton amplitude indeed
exponentiates up to s=2

F,,J"
2€-p

AT (pr,pa, ki by ) = AT X exp

/

o my O dz (1-wv2)* [ d%k
g =nGEEt 2 _ ._ /
A 204 0b Jp, . 2mi (22 — 1)3/2 | 27|k|

B ("2Embg " odz (1 —wz2)?
T o0t b Jr 2 (22— 1)3/2

exp(ik-[b—zﬁxab~ S j)xaa])

z—v |71

b— zay —

(g
1 —-wvz

(from Guevara, Ochirov, Vines)
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Choosing the gauge ¢ - ¢, =0 the Compton amplitude indeed
exponentiates up to s=2

F;w J;w
2€-p

AT (pr,pa, ki by ) = AT X exp

/

201 0b Jp,  2mi (22 — 1)3/2
my O / dz (1 — vz)4
I'Ls

201 9b Jp, . 2mi (2% — 1)3/2

2| k|
~1

3

z—
b— zay — (g

= 1G*E
1—-wz

(from Guevara, Ochirov, Vines)

e Allordersin a_.Agreementup to aa3, allordersinv.

e Canbe matched to effective (bounded) Hamiltonian
(Siemonsen and Vines)
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What about radiation?

\ A
“\4§ X AL
= E + (1 < 3)
a/’ '\b h—0 fpl p3\ |

, (F L +q.k_v_) x
e Zf'—l 3 Sz e 1 P I“,.;q f)(p! }33) aqz
1—1, a}ﬂ
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What about radiation?

o A
_ E + (1(—)3)
aX b 7r-0 4 D1 D3 X |

I . % A
oyt

ni\ Fp 5 :
— —1,3 Sz'e z( P Fig 0(pyp3) 9q?
Zz: : ‘

ar W)

The radiation field exponentiates even for scalars! The soft theorem extends to all orders when the
classical limit is taken.
It should be possible to derive from this the full multipole expansion of the radiative field.
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Exempli Gratia: Einstein’s Quadrupole

Consider just the LO and assume bounded NR orbits

In a spatial gauge eV =0 we get
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Exempli Gratia: Einstein’s Quadrupole

Consider just the LO and assume bounded NR orbits

D; = M;V; ’Uf — (1,67)
g" — (v/r, 1/?“) (potential)
Kk — w(1,n) (radiation)

with w =v/r, v<1

In a spatial gauge eV =0 we get
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Exempli Gratia: Einstein’s Quadrupole

Consider just the LO and assume bounded NR orbits

Pi = M;V; ’U? — (1,67)
¢" — (v/r,1/r) (potential)
kH — w(l, ’fz) (radiation)

with w =v/r, vl
In a spatial gauge eV =0 we get

dq

hU - £ dt 1wt
m mb f € (271’)

=4 _giaar L |9giql — ;( g +vlg — v -v;’;qi)
2"

¥ i)
:}ggijh —

4 m py

[t e @Q7(),  with @7 = ¥, m, (siah — 15732
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Thank you!
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