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Motivations

 Gravitational interaction between two bodies:
capture — elliptic-like orbit;
escape — hyperbolic-like or parabolic-like orbits — never been detected.

« GW observatories are improving ([LVK Collab., Phys. Rev. Lett. 135, 111403]) — expected to
detect scattering processes;

 Radiation-reaction effects play important role in dynamics of binary system;
* Presence of radiation-reaction force: modification of the conservative equation of motion (EoM);
[Damour, Deruelle: 1981,1985; Damour, 1982; Blanchet, 1997; ...]

 AIm: determine the radiation-reaction correction to the quasi-Keplerian orbital parameters at 3.5PN
order.



Post-Newtonian (PN) Formalism

ldea: to go beyond the limit of sources moving in flat
space-time. strong fields

Self-gravitating system + flat space-time — Newtonian
gravity.

(Moderately) relativistic system + gravitational forces —
Post-Newtonian formalism.
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Slowly moving and weakly self-gravitating sources — b e linearized theory
(v/c)* ~ Rg/d < 1— PN formalism 7. '
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Radiation-reaction correction

» Relative acceleration a = a; — a, in the center-of-mass (CM) frame:
B=R. . HA

with

AT = Al py + 1A py + AL py + O™,
+ Leading Order (LO) at 2.5PN: [B. R. lyer and C. M. Will, 10.1103/PhysRevD.52.6882]
Energy flux at infinity - £ ~ (sz)z S e MUM;S) ~ Mvi(ijl§5))

E~Mv-a

- gt xj]‘/ll;(,-s) = O(n°)



Radiation-reaction correction

e CM radiation reaction relative force and acceleration:

FIT = AT
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e CM radiation reaction relative force and acceleration:
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Radiation-reaction correction

e CM radiation reaction relative force and acceleration:

FIT = AT

3 (GM GM
A= glj ( " ) ( 3 r) [— (AZ.SPN g 772A3.5PN 1 ) rn + (BZ.SPN T ;72B3.5PN n ) V]

 Correction to Newtonian acceleration ( x GM/ r? );
« A" — 0 for test body limit (gravitational radiation — 0);

« A" related to the emission of GWs (nonlinear in G) and dissipative (odd in velocities);

» Leading order O(°) — A, spNn and B, spy functions of 6(%) — 6 parameters;

» Next-to-Leading order O(n""?) - A3 spNn and Bz spy functions of 6(n*) — 12 parameters.

IB. R. lyer and C. M. Will, 10.1103/PhysRevD.52.6882]
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Radiation-reaction correction

dE
e

A; and B; — energy and angular momentum balance — d,tl
— x — D,

dt

* PN expression of £ and J constant in time — contribution from radiation-reaction parts;

* Energy and angular momentum can be ambiguous when they are not conserved:

© ‘ [G. A. Schott, Philos. Mag. 29,49 (1915)]
0) + 6 parameters at LO;

(12) + 12 parameters at NLO. [B. R. lyer and C. M. Will, 10.1103/PhysRevD.52.6882]
: dE
ng L Frr i Schott — _@,,
¢F, ™ E
dJ
Frr | Schott = B
b dt .

 LO: 10 constraints over 12 parameters — 2 residual gauge parameters;

 NLO: 18 constraints over 24 parameters — 6 residual gauge parameters.



Radiation-reaction correction

 |eading-order 2.5PN (harmonic coordinates): [B. R. lyer and C. M. Will, 10.1103/PhysRevD.52.6882]
17 GM
i G »
r
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* Next-to-Leading order 3.5PN (harmonic coordinates): [S. Nissanke and L. Blanchet, 2005]
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Variation of constants method at the 3.5PN order

Radiation reaction corrections to dynamics — Lagrange’s method of variation of constants;

Relative acceleration in CM frame a: [Damour, Gopakumar, lyer, gr-qc/0404128
[Bini, Damour, Geralico, 2210.07165]

A —a . EA
* a.,ns — unperturbed integrable part;

e AY— perturbation.

Motion confined in a plane— polar coordinates;

€15 €2, Cp, Cy

Functional form of the unperturbed equations of motion: Integration
constants

Jo—= S(l, Cl’ C2),
35, 1, ¢)) Average anomaly

o l

e ¢+ Wile o) with [ =n(cy, c)(t —1y) + ¢

. t
oW(l, ¢y, c,) Mean motion
g

l;' — I/_l(Cl, C2)

¢5 = ’/—l(cla C2)



Variation of constants method at the 3.5PN order

 From 1PN quasi-Keplerian parametrization of the hyperbolic motion: [Cho,Dandapat,Gopakumar, 2111.00818]
[Bini, Damour, Geralico, 2007.11239]

S=aJe.coshu—1),

r =350, cy,0),
o —> " €y T 1 u
P = Cht W(l, ¢y, ¢5), W = 2K arctan tanh — | ,
€¢ —_— 1 2

with u = u(l, ¢, ¢,) through [ = e, sinh u — u;



Variation of constants method at the 3.5PN order

 From 1PN quasi-Keplerian parametrization of the hyperbolic motion: [Cho,Dandapat,Gopakumar, 2111.00818]

[Bini, Damour, Geralico, 2007.11239]
S=a/e.coshu—1),

I = S(l, C1s Cz),
. L = €¢ + 1 1
¢ = cy+ W, ¢, ), W = 2K arctan [\/ tanh —} ,

645 — 1 2
with u = u(l, ¢, ¢,) through [ = e,sinh u — u;

+ Perturbed solution: ¢y, ¢, ¢, ¢, = ¢1(1), (1), ¢ (1), ¢ 4(2), satisfying
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def [0S\ [0S de S dc
d  \sl oc, dt  dc, dt |
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Variation of constants method at the 3.5PN order

[Cho, Gopakumar, Haney, Lee, 1807.02380
[Bini, Damour, Geralico, 2007.11239

i [Arun, Blanchet, lyer, Qusailah, 2007.11239
|
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Variation of constants method at the 3.5PN order

* Leading order: [Bini, Damour, Geralico, 2210.07165]

da

— = =2a%v - AT,

dt

)
de 7 — \/e,, o
= ———av-A" 4 [x x A'],
dt €y e\ a

 Next-to-Leading order:

a,(x,v) = aV(x,v) + n?a?(x, v),
e(X,V) = e,fO)(X, V) + nze,fz)(x, V),
AT(x,v) = AVT(x, v) + n? AP (x, v),

where AT = AT AT = AL Therefore:
1) 1)
- -(0) 2-2) TR 20 S 0
X V) —a (X,V) +n-a“’(x,v) ) da, da, A At S
o 11 ~(2 ~(0 ~(2
A xvi A(O)rr(X, V) +1 n H(x, v) dt ov daf, ) - 0615, : AQrr 0515 ) AT

dt i d:



Variation of constants method at the 3.5PN order

» Evolution of the radiative-reaction part 5''c () from:

el B B
dt ov
ek = ) ¢ ;
dt oV 1t dCa dt
~1 ey 0 ¢, (u) = du’*
dc, 0S oS dc, L S dc, dt du*
Al e 00T e
dt dl 0(:1 dt aC2 dt
dc, oW dc;, oW dc; 9w dc;

i B o, @ oc, di



Results

 Radiation-reaction contribution to the relative scattering angle:

v [2(121e,,2 +304) ( 1 ) 2(72¢ + 1069¢2 + 134)]
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What’s next?

 Radiative-reaction corrections to quasi-Keplerian parameters at 4.5PN order;

. App”cati()n to losses of: [Arun, Blanchet, lyer, Qusailah, 2007.11239]
* Energy;
* Angular momentum;

e | Inear momentum.



What’s next?

 Radiative-reaction corrections to quasi-Keplerian parameters at 4.5PN order;

o App”cation to losses of: [Arun, Blanchet, lyer, Qusailah, 2007.11239]
* Energy;

* Angular momentum;

e | Inear momentum.

Thank you for the attention!
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And D, L, I, G functions of v, e, (further details in the draft).



Fourier space analysis

e Fourier transform of f(?):
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e Fort — oo, f(t(v)) — [f] (constant) ~ memory.

» Easier to perform FT taking the large-e, (eq. large-j) expansion of integrand, choosing:
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Fourier space analysis

e Fourier transforms:
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Fourier space analysis

e Fourier transforms:
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