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Worldline Quantum Field
Theory

Figure 1: Deformation of a neutron star in an
external tidal field

The Worldline-QFT|1] describes a scat-

tering of two massive bodies, which
leads to a deflection of the bodies and
an emission of gravitational waves as
shown in Fig.2. It works in an EF'T
framework in which a black hole is
described as a point particle coupled
to GR and neglects finite size effects:

S = —% [ dr(guiti” +1) (1)
The whole action of a two body scatter-
ing is given by the point particle actions
of the bodies, the Einstein-Hilbert ac-
tion and a gauge fixing term:

S =Spu+ S+ S5, (2)

In a Post-Minkowskian expansion the

graviton h,, is the first quantized
field:

Juy = Nuw T+ ’fhuu (3)

The second quantized field is given by
the deflection z" from the unper-
turbed trajectory:

o (7)) = b + o't + 2 (1) (4)
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Figure 2: Scattering of two neutron stars with

initial velocities v;
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Tidal Feynman Rules

The point particle action neglects fi-
nite size effects, which are needed for
an accurate description of neutron star
scattering. To include quadrupole
tidal effects in the WQF'T a tidal ac-
tion must be added to the point parti-
cle action:

Siidat = | draCi B E™ + ) B, B
(7)

With: E,, = Rune.if, B = REs2.00,5(8)

e .ove numbers, which encode the
tidal properties of the body, are
incorporated in the action as Wilson
coefficients ¢/ po

e Action gives rise to new vertices.
These are marked with a square in
Feynman diagrams and emit two
or more gravitons from the
worldline as in Fig.3 and can emit
an arbitrary number of z# fields

e Love numbers vanish for
non-spinning black holes and
tidal effects play no role for
non-spinning black holes

Leading Order Waveform

Figure 3:The two diagrams contributing to

tidal effects to the leading order waveform

The waveform in the WQFT is given
by a Fourier transformation of the ex-
pectation value of a single graviton:

Flu,) =G [ ek ()
9

e T'idal effects do not contribute to
the wave memory at leading
order:

Aftidal — f‘ZO:—oo =0 (10)

e Tidal effects do not contribute to
radiation of angular
momentum at leading order

e The waveform can also be used to
calculate the radiated Momentum

(in a v expansion)

1 .
L PN

where f — fijéij.

Radiated Momentum
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In-In-Formalism |2}

Taking into account a classical system
obeys causality, it is required to use
the so called in-in-formalism [3], rather
than the usual in-out-formalism. In

this formalism fields propagate from
time ¢ = —o0 to t = oo and propagate
then back to t = —oo. For the calcu-
lation in a WQEF'T this is simply done
by replacing Feynman propagators by
retarded propagators, which point
from cause to action.

The WQE'T provides a very direct ac-
cess to observables through the calcula-
tion of expectation values via Feynman
diagrams. To take the classical limit it
is enough to consider only tree level
diagrams.

(C%g.AE2 =+ nglg B2 T ng/\m + Cg2832>

H L
YU — U

(1< 2)] (12
U=t (10 2)] (12)

Tidal Effects to the
Deflection

Figure 4: Example graphs contributing to finite

size effects of Apgg)

The WQFEF'T provides a direct com-
putation of the deflection via

the z/-field
Ap) = —mw”(2f (w))]weo  (13)

and is computed by Feynman diagrams
with an outgoing z{-field, as in Fig. 4.
The leading order in finite size effects
is given by diagrams with a single tidal
vertex.
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Conservative Deflection

A pure conservative scattering can be
calculated by an evaluation of the ap-
pearing loop integrals in the so called
potential region, which prevents
propagators to go on-shell and excludes
radiative effects. The kinematic of the
bodies gets simplified:
(pi + Api)” = Apj,  Apf = —Aph
(14)

e part of the higher order deflection
can be calculated by lower orders in

the PM expansion Ap!' = >, G" Z(,”)N
e the 10 prescription of propagators

can be neglected in all calculations

e self-interaction diagrams do not
contribute

Radiative Effects

Figure 5: A graph with a radiative contribution.
The graviton propagator which can go on shell

1s marked red

In the WQF'T radiative effects are eas-
ily incorporated by the usage of re-
tarded propagators pointing from
cause to action. Additional to the con-
servative deflection it gives also the ra-
diated momentum

Plog =P\ + b, (15)
which is given in eq.(12) in agreement
with previous results. In comparison to
other common formalisms the advan-
tage of the WQEFT is that this is all
done in a single calculation, and there
is no need to differ between con-
servative and radiative effects.

The result is consistent with the lead-
ing order waveform result.
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