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Motivation

Gravitational |
Wave = g [1602.03837]
S —>\ GW150914\
¢
‘Binary Coalescence\ .'
|
NoBEL PrIZE 2017

THORNE, BARISH, WEISS

Gravitational wave era
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2-body problem in Gravity

Inspiral Merger Ringdown



Motivati/on

2-body problem in Gravity

Inspiral Merger Ringdown
Analytic treatment Numerical Relativity BHPT



2-body problem in Gravity

Post-

Numerical
Relativity

Self-Force

Pertrubative expansion
in v = u/M (EMRIs)

v

Buonanno, Damour

Effective

=P | One-Body | <=

Formalism

v

Waveform
templates

Minkowskian

Pertrubative expansion
in Gy,

Post-
Newtonian

Pertrubative expansion
1%
in Gy and —, where
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(from virial theorem)
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2-body problem in Gravity

Post- Post-
Minkowskian . Newtonian

[1 +v2 |+ 0 |+v8 | +.

[1 +v2 4y 40 +...]><G2
1 +92 4 + | X G

[1 +p? +] x G*
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2-body problem in Gravity

Numerical
Relativity

/ Self-Force

Pertrubative expansion
in v = u/M (EMRIs)

Buonanno, Damour

Effective

=P | One-Body | =

Formalism

v

Waveform
templates
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Post- ’
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2-body problem in Gravity

Post-
MI VS Self-Force

(G m)+(G m)°+(G m)’ +(G my)*+(G m)+. X (i

[(G m)* +(G m)>+(G m)*+. .. ] X G mz2

[(Gm1)3 ...]xG2m§



2-body problem in Gravity

Analytical methods/Perturbation theory

Post- Post-
Minkowskian > Newtonian
Pertrubative expgfSion \ PeRyubative expansion
in G v

N Gy and —

‘ Self-Force \ )

Pertrubative expansion
in v = u/M (EMRIs)

EFT+Scattering Amplitudes GR perturbation

[Rothstein, Goldberger, Porto, Bern, Kosower, [Damour, Blanchet, Buonanno et al.]

[Poisson, Barack, Pound et al.]
O’Connell, Vanhove, Damgard, Plefka et al.]
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2-body problem in Gravity

EFT+Scattering Amplitudes (quick review)

Tower of EFTs (focus on worldline approaches) ' ;; ;150 o

—-

Hierarchy of scales: 7, <7 < 4,4
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2-body problem in Gravity

EFT+Scattering Amplitudes (quick review) Rothstein
Goldberger
Por’[o,g
| Steinhoff et al.
1) Point-particle approximation: S,y = ‘dr [mvu* + ES””QW] + [dr Qg(r)Eij(x) +...+(E—> B)

2) GR as EFT: Cs)eff= 16

1

ﬂ'GN

point particle with spin finite size

o)
[ddXﬁR + @(Rz, R’m/R/w’"') ’ 8,w — }7/,”/ + Z h/,(tlz)t’Hoonte,vetlttman

Donoghue et al.
n=1

generic and adaptable to modifications of GR

3) Feynman rules + loop-Diagrams: —’ ‘Multi-loop Feynman Integrals

4) Ma

ings between kinematics reqgions:

[1808.02489] Cheung, Rothstein, Solon
[1906.01579]

[1911.09130] Saketh, Vines
(BZB) map Kalin, Porto Steinhoff, Buonanno

Hamiltonian reconstruction
/EFT matching

Cristofoli, Bjerrum-Bohr, Damgaard, Vanhove 16



2-body problem in Gravity

EFT+Scattering Amplitudes

2014-2015 Post- <= Post- 2004
EHE20B) vinkowskian Newtonian [“***

\ Pertrubative expansion
V
in Gy and —

C

Pertrubative expansion
in Gy

Self-Force |(2023-2024)

Pertrubative expansion
in v = u/M (EMRIs)

WHY QFT methods?
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2-body problem in Gravity

EFT+Scattering Amplitudes

(2014-2015) Frost- <= Post- (2004)
Minkowskian Newtonian
Pertrubative expansion \ Pertrubative expansion
: %
in Gy in Gy and —
C

Self-Force |(2023-2024)

Pertrubative expansion
in v = u/M (EMRIs)

* Recycle knowledge from particle physics + Efficiency

e Clean setup to treat divergencies (Dim. Reg., distinction of IR-UV)

e Tools for integrand construction (Generalized unitarity+Double Copy)

e Solving Feynman integrals instead of D.E.s (IBPs+Reverse Unitarity+D.E.)
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2-body problem in Gravity

EFT+Scattering Amplitudes

‘ Post-Minkowskian \
Gravitational Bremsstrahlung: Concrete example of “advantage” of Amplitude approach

THE GENERATION OF GRAVITATIONAL WAVES.
IV. BREMSSTRAHLUNG *t1

SANDOR J. KoVAcs, JR.
W. K. Kellogg Radiation Laboratory, California Institute of Technology

AND

Kip S. THORNE

Center for Radiophysics and Space Research, Cornell University; and
W. K. Kellogg Radiation Laboratory, California Institute of Technology

Received 1977 October 21, accepted 1978 February 28

ABSTRACT

This paper attempts a definitive treatment of ““classical gravitational bremsstrahlung™—i.e., of
the gravitational waves produced when two stars of arbitrary relative mass fly past each other
with arbitrary relative velocity v, but with large enough impact parameter that

(angle of gravitational deflection of stars’ orbits) « (1 — v?/¢?)'/?,

3 Ty
pi G’mim3 ul' + u}

rad b3 v+ 1

¢(»)+0(G% no general closed form for ¢(y)!!
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2-body problem in Gravity

EFT+Scattering Amplitudes

‘ Post-Minkowskian |
Gravitational Bremsstrahlung: Concrete example of “advantage” of Amplitude approach

2
Pr = /dQ dur®nt hiihi; = Z/k§+(k2)k“
A
AP (k) OX Sob plugging in doesn’t give closed solution.
(similar problem as Kovacs-Thorne)
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2-body problem in Gravity

EFT+Scattering Amplitudes

‘ Post-Minkowskian |
Gravitational Bremsstrahlung: Concrete example of “advantage” of Amplitude approach

2
Pr = /dQ dur® nt h;h;; :Z/k&r(kQ)k“
)\

2110.10140] Riva, Vernizzi

r

. IF‘
BUT if we think like: P, =" /A o @i @
—

on-shell 2-loop amplitude T} explicit solution



2-body problem in Gravity

EFT+Scattering Amplitudes

‘ Post-Minkowskian \
Gravitational Bremsstrahlung: Concrete example of “advantage” of Amplitude approach

THE GENERATION OF GRAVITATIONAL WAVES.

IV. BREMSSTRAHLUNG *t} [2101.07255] Hermann et al.
SANDOR J. KovAcs, Jr.
W. K. Kellogg Radiation Laborati:].) California Institute of Technology [21 0208339] SM et al.
Kip S. THORNE . [2101.12688] Jakobsen et al.

Center for Radiophysics and Space Research, Cornell University; and
W. K. Kellogg Radiation Laboratory, California Institute of Technology

Received 1977 October 21; accepted 1978 February 28 [2‘] 04.032 56] DVHRV
ABSTRACT

This paper attempts a definitive treatment of ““classical gravitational bremsstrahlung™—i.e., of
the gravitational waves produced when two stars of arbitrary relative mass fly past each other
with arbitrary relative velocity v, but with large enough impact parameter that

(angle of gravitational deflection of stars’ orbits) « (1 — v?/¢?)'/?,

3 Ty
pi G’mim3 ul' + u}

rad b3 v+ 1
UNLESS recast as 2-loop on-shell+Reverse Unitarity

¢(»)+0(G*) no general closed form for ¢(y)!!
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2-body problem in Gravity

EFT+Scattering Amplitudes

Post- # Post-
Minkowskian Newtonian
Pertrubative expansion \ Pertrubative expansion
: \%
in Gy in G, and —

Self-Force ¢

Pertrubative expansion
in v = u/M (EMRIs)

WHY QFT methods?

Recycle knowledge from particle physics + Efficiency

Clean setup to treat divergencies (Dim. Reg., distinction of IR-UV)
Tools for integrand construction (Generalized unitarity+Double Copy)
Solving Feynman integrals instead of D.E.s (IBPs+Reverse Unitarity+D.E.)

Recasting the computation might overcome problems of traditional methods!!!
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Schwarzschild from Amplitudes

to all orders in G
[2407.09448],[2405.14421] S.M., P. Vanhove

GREFT «<— General Relativity

Equivalence up to:

o0
1. Choice of DOFs ===p &, = 1],, T Z hﬁ’Z)
n=1
2. Choice of Gauge === harmonic gauge

i/ 327Gy,
2
d’q

; - 1
h,L(ti/-I_l)(x) — _ 16EGNJ (zﬂ)de q ? <<T'L(ti)>class.(q2) _ — ﬂﬂy<T(l)>class.(q2)>

i/%gl)(l?p q) = — <T(1)ﬂV(q2)>€W Duff (1974)

q

Expectation: J1-loop diagrams generate G;\’,H terms of the metric
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

GREFT «<— General Relativity

Equivalence up to:

o0
1. Choice of DOFs ===p &, = 1],, T Z hﬁ’Z)
n=1
2. Choice of Gauge === harmonic gauge

Too complicated!!

Main problems from previous attempts: < oo

1. Infinite tower of non-minimal couplings (due to intermediate UV-divs)

2. No algorithm for higher loops (3-loops was already complicated)

25



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

GREFT «<— General Relativity

Equivalence up to:

(©9)
1. Choice of DOFs 8uv = My T Z hp(tz)
n=1

2. Choice of Gauge === harmonic gauge

Take a step back

26



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove
Cubic formulation of GREFT

[1705.00626] Cheung, Remmen

Choice of DOFs: 1)Gothic metric: g*’ = /—99"° = n°* — /327Gy h™®

(GR people do it, we should pay more attention)
1
2) Extra Auxiliary field : A7, =T — 55&F§)d.

(unorthodox but necessary to constrain to 3pt vertices)

Choice of Gauge: harmonic gauge*(non unique)

+ couple to worldline L, , = ) dr (6_1 g v,v, + e) 5

S
|
|

| 3
\
=
\]
N
<_ |=
11| §
| |
~ =
o | =
BEARS
)

+
[E—
N—
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove
Cubic formulation of GREFT

Complete ansatz: \/327TGN h(n) /dD 1 ikx J[(LZ) (k),
Single
multi-loop q (n) D 1 ka a (n)
Master Integral \/ 2mGN A he d Y (k),
(n) kpky

JM (k) = p(|k|, D,n) ( x{V6%62 + xS + X5

) P G s A L0
ST T (g (/YR

k2
Vie, ™ (k) = —ip([kl, D,m) (ke (X508 +x8”5%) )

a n o kpk, form factors
t (ﬁégdo " Xé )77 be Xé ) lb(2 ) ) (n) (n) (n)
— — X (D) (Xl ""vXS )

28



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove
Cubic formulation of GREFT

I
Feynman rules: § ﬁ ;; 3 fj)\

1 R \
(3) _ \ — _ \
J“V _5 T 571" {E\%& x)}\\
J ) g0 T gt i) I L B | DI ¥ )
: | ! |
a 1 \ \
2 o )
JW ) ) i) gt g g2 ) Y??)
9

2



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove
Cubic formulation of GREFT

Feynman rules: ﬁ ﬁ} ;J

n—1
m=1
\ 78 702m) 78 y(n m) Pm) Y(n m )
n—1
v () Z Iterative structure to all orders!!!
— due to 3pt interactions
\ j&) j%m) J>y(nm))

30




Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Metric to all orders in G

Recursion relations

1+ 3(=1)"

Solvable at D=4 ===—p (") (4) = (8, 0,0,4 +n(—1)" + n(n 5 2)

=ivell _1\n _1\n
LS e
2n(n+2) = 2n(n + 2)
Lo, 143(=1n

n 2n(n + 2)

(n+1)

1+ 3(—1)"")
" 2n(n + 2)

the simplest harmonic gauge

=P Resums to GR solution ( GREFT computation "picks )

31



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

e n-point graviton
SF expansion: S = Sy + S, + Sy — 2 a2 UHMUHV 4 1 | vertices contrary
( \/ g D 2 to PM-expansion

piSef[T1,2H] _ / Dh DA SenAl+iScr [h+iSi[z1,h]+iSk [z h bl

integrate-out via diagrams ,,
—_—P Sui= ——/dTH U ’UHp’UHu+MZ/de H En[Il(Tl):xH(TH)]

o0

+SF expand trajectories /' (n) =a"(1) =) (%)n&v("’)“( ), Ty (TH) = WyTH + Z ( ) S (72

n=0 n=1

32



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

A’[ - > m n+1
SF expansion: St =~ / dry 1" viuom, + MY / dm (H) Lolzi(m), zu (Ta)]
n=0

Lolz*(7), uy ] :‘+§+§%§}+ f%% + Eé%} t--- 1)  Infinite tower of n-graviton
worldlines vertices

where Juw(k) = E =Y J%(k) 2)Effective 1pt contains an infinite series
n=1 -dressed graviton emission-, already known

33



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

We managed to perform explicitly the resummation of the above infinite diagrams
where each one contains an infinite sum-double resummation!

1
Lolz" (1), vyTH] = o+§+ﬁz‘+ ?%3 + ig%? T = _§Up(7)vu(7')9yu(|x|(7'):
trivially gives geodesic eq.

34



Conclusion

Classical GR through the lens of QFT approach

1. Efficiently exploits previous knowledge from
particle physics

2. Possibly overcomes shortcomings of other
methods
3. Easily applicable to GR extensions

4. Done well in PN, PM. Needs to be extended for SF

5. Non-perturbative, EFT-based approach can be
used for questions regarding BHs
(Love numbers, quantum effects etc.)
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

- e ik v L vaiB,..., o
Lolz*(7), uly m]—o—l—é—l—ﬁ f%ﬁ é%: .——v ( 0" +ZIC(H;1 ,,,, o, T8 LBL)

1) Infinite tower of n-graviton tebrmanbn — (397G )" n/2 _vmvlufrm)/alﬁl,...,anﬁn
worldlines vertices

pvay fB,...,anBn _ an,vBn a1 81,0 —18n—1 v 11, Qnr/jn
T =1 P ~ 7Py

: 1 — n
defined by: - =1+ Z(32WGN)5 pg:)ﬂl,...,anﬂn hays, X -+ X hapng,
(vV=9)7 n=1

2) Effective 1pt contains an infinite series
-dressed graviton emission-

d’q L

L) i

T, )35<3> (§ q; —k)
=1

Pr =
_ ik-x(7)
a1P1,....,aL BL /IR3 (27;-)36 /]RsL E (27

o0
1=

— ng ng Gi,o; 9i,3;
<33 plailne) (xg 80 50+ >(na,.ﬂ,. _ Gioud ))

ni=1 nr=1 q;



Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

- - = - --- v L vaiB,..., «
Lo[z* (1), UF;ITH]_.—I—é—I—ﬁ ?é% ié%: -_—”U ( " +ch(x1231 ..... orbr (L) i LﬂL)

1)  Infinite tower of n-graviton teabiantn — (327Gl )"? vaz,,vzu’f("‘)’“‘B’ anBn
worldlines vertices

yualﬁl,...,anﬂn _ an,vBn a1 81,0n—18n—1 _ v 1 51,...,0nPn
Tin =10 Pl 1 Plny

. 1 = )
defined by: —— =1+ (320GN)2 Py hayg, X -+ X hans,
(vV=9)7 n=1

2) Effective 1pt contains an infinite series
-dressed graviton emission-

L
Fourier before loop integration  7(L) _ 2L H (50‘50 (4(1 +tp) _ 1) 4 na-n,/s-)
decouples the multi-loops!! i1 L
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

- e ik v L vaiB,..., o
Lolz*(7), uly m]—o—l—é—l—ﬁ f%ﬁ é%: .——v ( e +ZIC(H;1 ,,,, o, T8 LBL)

1) Infinite tower of n-graviton tebrmanbn — (397G )" n/2 _vmvlufrm)/alﬁl,...,anﬁn
worldlines vertices

pvay fB,...,anBn _ an,vBn a1 81,0 —18n—1 v 11, Qnr/jn
T =1 P ~ 7Py

: 1 — n
defined by: - =1+ Z(32WGN)5 pg:)ﬂl,...,anﬂn hays, X -+ X hapng,
(vV=9)7 n=1

2) Effective 1pt contains an infinite series
-dressed graviton emission-

oo (D) (L-1) 2 (0 0 (40+0)
Recursion: Ialﬂl ----- arLBL Ialﬁl ,,,,, ap_18L-1P (501,561, (p(l—p) — 1) 4+ nay,ng,
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (0SF)

v L Vo yeeny X
Lo[z# (1), uy m]—.+§+£;’§{&- ?%% % .——v 77“ +ZI§1}31 ,,,,, i T LﬂL)

4(1+ p)
(L) (L-1) 0 <0
Recursion: Iallsl ----- arBL Ialﬁl war_1BL_1P 5QL65L (,0(1 p) 1) +n°‘LnﬂL)

+ 73111)/0131 -+@nfn nyannuﬁntpgzlfi,)m,an—1A9n—1 . nyup(anl)ﬂl,nuanﬁg

— (L) pvay By,....anBL _ u(L) a1 B1,....aLB
Ialﬂl ----- QL5L7EL) o = 77# a1pBi,..., QLBLP(LI) 1 o
(L-1) a1B1,...,ap, 1811 2 L 4(1 +P) v
Ial,Bl ..... ar_1BL_ 1P(L 1) (5 50 (p(]_ — p) — ]. -+ n“n
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (OSF)

Lo|z* (1), ubyTh] = —|—§+§f&{; ?%% é%:

(L) uvaq By,...,ap, By, (L) a1B1,....ar B
Iaﬂ aﬂﬁL) —77”1&3 QBP(L)

(L—1) a1B1,..f,_1BL_ " 41+ p) ,
+Ialﬂl,...,aL_1/3L_1p(L_1) (5 50 (p(l — p) —1 + ntn

and from 1B1....ar B (L) v ol (A1 +p) . —%_
definition: ZP(L) Losprory = (—det [’7” — " | %% S0 p) — 1) +nfn 1

77 vy ZI(L) #Valﬁl,---,aLﬂL>
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Schwarzschild from Amplitudes

[2407.09448],[2405.14421] S.M., P. Vanhove

Geodesic motion (OSF)

L (87 AN s /
‘CO[I#(T)’U TH] .+§+ﬁ Iéé% féé? _v - +ch(x1231 ..... aLﬁLT#) o ’L5L>

B1,....arBr (L)
th( 181, LIalﬂl ..... aLBL = (1 —I—p)2 — 1.

(L) pven By,.anBL _ P p 4(1 + p) v v
ZIQUB1 ..... QLBL7EL) o 1—|—p)2 (6 (50 ( (1 - p) — P + (p+ 2)77# +P nn

Lo|z#(7), uya] = -+§+‘f!§‘%‘ ;éz ;é%} =——vy(f v, ()9 (Ix[(7))



