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World line QFT (non-spinning) [GM
,
Plefha

,
Steinhoff '20]

Our starting point is the classical worldline action :
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In WQFT the b- expansion Is the loop expansion . . . (saddle point approx ) . So

tree- level__ classical physics



Thetritheonye [sahobsen
,
GM

, Plefha,Steinhoff 121 ]

Represent spin with Grassmann- odd ✗
"

rectory DEX:=Iu✗a
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Spinning waveform [Jakobsen
,
GM
,
Plefha

,Steinhoff
'

21 ]

Sum on diagrams with an outgoing graviton . Integrate on internal lines :
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We obtain the time-domain

✗waveform for large 1×-1 __ V.This

requires integrating on the outgoing energy :
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to the observer
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vi. t - r = retarded time

Two components : +/✗ polarizations .
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3PM Scattering Observables [GM , Jakobsen
'

22 ]

We calculate observables directly ,

sp? = mi
- •
Tdt = -m.iokz.im/a...oLg0ra- diagrams
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IX.
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From DX;
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we can obtain the spin hich Aa?
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Schwinger - Keldysh In - In Formalism

Expectation values contain two copies of the evolution operator :
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In the path integral representation, we double our theory :
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Full observables [Jakobsen
,
GM

,
Plefha

,
Sauer '22]

Full observables including radiation - reaction involve retarded propagators :
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We have a simple prescription to write down observables including
radiation - reaction ! But . . . what about the new integrals ?
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Contrast with Feynman integrals, real for -1<821--1



Performing Retarded Integrals
Our methodology is conventional : 18ps + DES .

Two subtleties :
- symmetries modified by presence of retarded iE
- boundary fixing in static ✓→0 limit
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Symmetries aren't so bad when we can ignore
most IE instances
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As for
the V→0 limit

,
the behavior is characterized by onegraviton :
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Scattering Observables
Final results for Api, DX,

"

satisfy consistency checks :

1) Cancellation of all I/E poles from din -

veg .

2) Conservation of SUSY charges pi? ✗ i.Fi , pi -Xi, pi -Ñi, e.g .

Pi .X; = ( pi +Api) • (F. +DX;)

pm agrees with resultsrad=
- Api- APE } recently obtained [Riva, Vernizzi ,Wong '

22] .

We also obtain radiated energy
in the COM frame :
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Scattering angle
focus on aligned spins , a :-b = a i.Vj = 0 . The scattering angle is

sin (E) = pP£- } par¥ ,

F- É=FrÑ,M=m .
+ma,u=Mr=mhˢ

Agrees with test - body limit v→o, KPN results [ Levi, Steinhoff].
Radiative Corrections agreewith linear response [Bini, Damour ] :

0rad= - t Erad -1 3rad)} we have 5rad from the waveform !
03

staff ↳ finite high-energy 8→• limit



Linear Response with spin
we have a mechanism to generalize Bini / Damour 's linear response

064)
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the orbital angular momentum vector in the center-of-mass frame.
We distinguish between terms even /odd under the operation
V? - V.↑ } associates terms with families of integrals
This reduces to the "usual

"

Bini -Damour formula for aligned spins :
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Gravitational Potential

Make an ansatz for the conservative 2- body Hamiltonian :

H=fFi+ Fmi+ VLF
. F.I:) I=Pxp

v. ¤ OAVA d- = { t.IE! -&:-&-.si;E-.P&EI}
VA = [ (E)
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Ansatz avoids F- p! , c.f. 2PM [ Kosmopoulos, Luna '21 ]
. Comparewith

scatteringobservablesApi, Asi by solving Hamilton's eq
's :

ƒ = 0! ,
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,
} get Ects
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Agreeswith [ Cordero
,
Kraus

,
Lin
,

Ruf
, Zeng

'
22]

,
and fills in additional

terms
. Interestingly, Spin contains Asi !

Also agrees with [ Levi
,
Steinhoff] 4PM



Conclusions

• New results obtained using WQFT so far ,
all up

to 062 ) :

- 2PM gravitational waveform for unboundscattering
⇒ radiated PID

,

3ʳᵈ
- 3PM observables Api, a7

,
0

⇒ full knowledge of scattering anglevia linear response.
⇒ recently upgraded to include radiation- reaction

.

• Also recently 3PM + tidal effects (with 8. Sauer)

• Other recent work on the WQFT:

- double
copy

[ Shi
,
Plefka

'

21 ]
- light bending [Bastianelli

,
Comberiati

,
de la Cruz

'

22 ]
- WQFT for YM

,
eihonal [Wang

'22 ]

Next steps
Push WQFT to higherspins ,

c.f. recent amplitudes progress
[ Bern

, Kosmopoulos, Luna
,

Roiban
, Teng ; Aocede

,
Haddad

,
Helset]

,

higher PM orders
.



Thanks for listening!


