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Binary Black Holes and Scattering Amplitudes

Mikhail Solon
Bhaumik Institute for Theoretical Physics, UCLA
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Quantum Field Theory Tools

|

Precision Gravitational Wave Science

Pirsa: 21060000 Page 3/32



Quantum Field Theory Tools

Precision Gravitational Wave Science

Cheung, Rothstein, MS (PRL 18)

Bern, Cheung, Roiban, Shen, MS, Zeng (PRL 19, JHEP 19)
Cheung, MS (JHEP 20, PRL 20)

Cheung, Shah, MS (PRD 20)

Bern, Parra-Martinez, Roiban, Rhuf, Shen, MS, Zeng (PRL 21)
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Gravitational Wave Science

2015 2020 2025 2030+
LIGO LIGO/Virgo + KAGRA, LISA
INDIGO, ... Einstein Telescope

Cosmic Explorer
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Gravitational Wave Science

Gab — 87TTab —>

Decades of heroic effort.
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Gravitational Wave Science

Gab — 87TTab —>

Decades of heroic effort.

post-Newtonian self-force numerical relativity
G~v? gl m/M < 1

4PNeo14) = 6PN 1SF(1990) = 2SF
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Turn it into an easier problem

9

Relativity

Tools of Theoretical High Energy Physics

onshell methods, advanced multiloop integration, effective field theory

Factorize states from underlying dynamics

(|5 Ou|b)
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Does it work?
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Does it work?

Cheung, Rothstein, MS PRL18

G(l—i—vz—l—v‘l—i—vﬁ—l—vg—{—vm—l—vm+---)
[Gz(l s A Y )J
GO (I 5 - % 1 010 4 12 4 )
G4(1 + v + vt + 0 4+ 0% 4+ 010 4 W%+ o)
G5(1 + v + vt + %+ o 4+ 010+ 1?4 o)
GG(l TN ST I s L | )
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Does it work?

([ CEEE 0 12 L)
G2(1 + 02 + v* + 0° + o® + 010 4 012 4 )
G3A + v + v + % + o® + 010 + 012 4 )
szl(l + v® + vt + 0% 4+ %+ W0 )
G5(1 + v + vt + %+ o 4+ 010+ WP 4 o)
GO(1 + v2 + v + 0% + o + 1%+ W24
G'(1 + v + v* + 0% + % + 019 + 012 + ..

Bern, Cheung, Roiban, Shen, MS, Zeng PRL19

Cheung, Rothstein, MS PRL18

Bern, Parra-Martinez, Roiban, Ruf, Shen, MS, Zeng PRL 21
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binding energy
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Theorists at LIGO are interested

Antonelli, Buonanno, Steinhoff, van de Meent, Vines 2019
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NEW! from Alessandra Buonanno’s recent talk at GGl

Crucial to push PM calculations at higher order, and resum them in EOB formalism.
{Damour 19,Antonelli, AB, Steinhoff, van de Meent & Vines 19, Khalil, AB, Steinhoff & Vines in prep 21)

GW cveles before merper GW cyrles before merger

Encouraging (local-in-time) 4PM results!
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(Khalil, AB, Steinhoff & Vines in prep 21)
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NEW! from Alessandra Buonanno’s recent talk at GGl

Crucial to push PM calculations at higher order, and resum them in EOB formalism.
{Damour 19,Antonelli, AB, Steinhoff, van de Meent & Vines 19, Khalil, AB, Steinhoff & Vines in prep 21)
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Interesting exchanges between GR and HEP
Bini, Damour, Geralico 2019, 2020, ... Blumlein, Maier, Marquard, Schéafer 2021
Damour 2019 Damour 2020
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Hybrid Waveforms
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Hybrid Waveforms
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Scalable pipeline using tools from QFT ?

1 1
= [ d°z/—g |- - Vb, —m2¢?
S / T+v/—g 167TGR - 5 ?'_21:2 (VoiV; —m;¢7)
(EII)_)’ (_E;lap,)
(E'2: _;5 ¢ _(é% _pf)
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Scalable pipeline using tools from QFT:

N b

Classical limit is taken at the earliest stages.
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FuII integration of quantum loops Won’t scale

Fg—

q<m

“In reality classical effects are smaller than quantum.” - Aneesh Manohar
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)L}W{q{?? -~ M- H-

-O—0-

FuII integration of quantum loops Won’t scale

Fg—

q<m

“In reality classical effects are smaller than quantum.” - Aneesh Manohar
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Classical limit is simple. A
|
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( )—»}*{—’@—_’M H -

G0

potential :  (w,£) ~ (|q||v], |q|)
soft :  (w,€) ~ (lql,[q]) — ~ . .
radiation :  (w,£) ~ (lqllv], |qllv])
NRGR Goldberger, Rothstein
Loop energies

"dw dw’ y | = 1™
or om (Ld,wf) — Zbu—, RCS! I(w,w’) \/ =% \/ - 3

. {"““1"} ,W_e-’ . —
(7,7) —
matter poles

Cheung, Rothstein, MS

1+v°+v*+ 0%+ 0% +-

|

Static limit boundary condition  Optain from differential equations.
in the potential region

Parra-Martinez, Ruf, Zeng

Pirsa: 21060000 Page 22/32



Amplitudes
My = 16W§V2N14|q|_2(202 —1)

My = 6m*G*v* MP|q|  (50° — 1)

1+ 2v(oc —1))(5 — 600?% 4 1200* — 6402)
3(c? —1)?

1402 + 2 h
o (T g0yl
=

Ms = 2nG2v? M° log q° [(
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)——J—

L = L —/W V(k, k") AT(K)A(k)BT(—k')B(—k)

Cheung, Rothstein, MS

-0 ()
T =2 YHIT=20Cr X

[TT+TY + =7+ T+ N+ o =2 MO+ OO

“amplitude-action” relation

iM(q)—L (e“g“)—1)
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Hamiltonian
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Theoretical Structures

|orentz invariant, on shell

High-energy behavior

_1G32mAlng? | 48v(3 + 1207 — 4do*)arcsinh, / 751
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e 672¢ o2 —1
& e
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; 8 - ¢ 2 4
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Regge limit Di Vecchia, Heissenberg, Russo,
Veneziano 20; Damour 20

Exponentiation b

Y iM(q) = /J (eil’_,_(.}) B 1)
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Mass dependence My ~ GN [my'm3 +mYm3 + - + {1 < 2}]

P

My ~ G [mim3]

Mz ~ G? [mims + {1 2
2 ~ G? [mim3 + {1 + 2}]
Mz ~ G? :’nfll-'rn,% +mims + {1l & 2}]
My ~ G* [mim3 +mim3 + {1 < 2}]
Ms ~ G° [mi{m3 + mims + mims + {1 < 2}]
Mg ~ G® [m{m3 + mim3 + mim; + {1 < 2}]
. OSF

Test-particle in Schwarzschild (and beyond)

1
)= g o )~ 5 1+ 55

I VVVYYTITYY

Cheung, Shah, MS
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Mass dependence My ~ GN [my'm3 +mYm3 + - + {1 < 2}]

M ~ G [mim3]
Ms ~ G? [mim3 + {1 + 2}]
Ms ~ G? [mim3 +mims + {1 + 2}]
My ~ G* [mim3 +mims + {1 < 2}]
Ms ~ G° [mim3 + mims + mims + {1 < 2}]

Mg ~ G® [m{m3 + mim3 + mim; + {1 < 2}]

OSF 1SF
Test-particle in Schwarzschild (and beyond) Bootstrap from 1SF (~m/M) results
_ ] 5 Yy il 750 (r) Bini, Damour, Geralico
Mo(p,r) = oz |m?(1 - gie(r) - B* (1+ 223

I VVVYYTITYY

Cheung, Shah, MS
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Mass dependence My ~ GN [my'm3 +mYm3 + - + {1 < 2}]

9 9
Mz ~ G? [mims + {1 > 2
2~ G* [mim; + {1 + 2}]
Mz ~ G? :’!?'l.i*t’r'rz,% +myms + {1 & 2}]
My ~ G* [mim3 +mims + {1 < 2}]
Ms ~ G° [mim3 + mims + mims + {1 < 2}]
Mg ~ G® [m{m3 + mim3 +mim; + {1 < 2}]

OSF 1SF 2SF

5

Test-particle in Schwarzschild (and beyond) Bootstrap from 1SF (~m/M) results
_ ] 5 Yy il 750 (r) Bini, Damour, Geralico
Mo(p,r) = o {”L (L~ G- lt)) —B (1 ¥ m)}

I VVVYYTTYY

Cheung, Shah, MS
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Gravitational wave science has opened up a new direction in
theoretical high energy physics.

Classical binary dynamics has the hallmarks of a great
problem in theoretical high energy physics.

This program is in a nascent stage.
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N+1, 3

Mass dependence My ~ GN [my V'm3 +mim3 +-

M ~ G [mim3]
Ms ~ G? [mim3 + {1 + 2}]
Ms ~ G? [mim3 +mim3 + {1 + 2}]
My ~ G* [mim3 +mim3 + {1 < 2}]
Ms ~ G° [mim3 + mims + mims + {1 < 2}]
Mg ~ G® [m{m3 +mim3 + mim; + {1 < 2}]
. OSF

Test-particle in Schwarzschild (and beyond)

o) s g B o 58

:’E IXZE VAR AR

Cheung, Shah, MS

-+ {1 & 2}]
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