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Abstract: LISA science will require EMRI waveforms that are accurate to first-post-adiabatic order, which in turn requires the calculation of
second-order self-force effects. In thistalk | describe a post-adiabatic waveform-generation framework and progress toward its implementation. This
lays the groundwork for talks by Durkan, Warburton, Spiers, Leathers, Upton, and others.
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What's what? [Hinderer and Flanagan 2008]

® asymptotic expansion in € ~ m/M
— / 1 2} 2
v —g;f‘.r/_'—(f.?fﬂ_],‘}‘(:. ?..‘”_U—f—_,

® on inspiral timescale t ~ 1/¢, the gravitational wave phase has an expansion

1
gl s -

©»

Adam Pound (24th Capra Meeting) Progress toward post-adiabatic waveforms 2 /11 9 June 2021 2/11

Pirsa: 21060036 Page 3/19



What's what? [Hinderer and Flanagan 2008]

Post-adiabatic order

: . determined by
Adiabatic order » averaged dissipative piece of )
determined by = conservative piece of I}’

= oscillatory dissipative piece of F/'

. J

» averaged dissipative piece of F{' |/

o ] 2 7.2
gl”/ = gﬂ"’”’ + Ehﬂ_’,/ + € h-‘ur/ + R,

® on inspiral timescale ¢ ~
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Modelling IMRIs and similar-mass binaries

2SF results would fully fix
5PN dynamics and 6PM
dynamics [Bini, Damour, Geralico
2019] =

Separation —»

Binary parameter space

Perturbation theory,
Numerical Relativity self-force

Mass ratio —» a0
[Image credit: Leor Barack]
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Modelling IMRIs and similar-mass binaries

Binary parameter space

'® also can use SF to directly
model IMRIs (at least in some
regions of parameter space)
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« Perturbation theory,
Numerical Relativity . self-force

Mass ratio —» aQ
[Image credit: Leor Barack]
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Second-order self-force theory [ap, 2012 [AP and Miler, 2014]

® skeletonization: small object —,moving puncture:

60;1.1_/[}1,7_‘:1} = *(SG;”_,[}),'pl]
8Gu[h"%] = 6°Guu [h, B — 6G L [W77]

DQZH | . .
d 5 — —5('(]“]/ + [U.‘“'uy)(_(]uo - ]LRGJ(Q}Z i
T / |

® puncture diverges at worldline z#:

Rn __

g

® solve for residual fields h
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Typical approach at first order

o
® geodesic orbit. System parameters J4 = {&£,L,C}  (+{M,S})

® discrete Fourier series

L

Gl i y a ot 10 i _{J() POy,
h;l”/ — § hl. K (J;l: r H, G’))ff (k"4 k" Qo+ET24 )t
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® cvolution

1, 38
dpa _ i) (dfl —0

wa = {4t are action angles
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Two-timescale expansion

[AF, and Wardell, 2021] [Flanagan, Hinderer, Moxon, AP (in prep)]

® system parameters J4 = {&,L,C,M,65}  (+{M,S})

® two-timescale expansion

[y

. v ‘ Y T PR Dis
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kA

® evolution

:;; = Qa(Jp) and T; = ef(Jr) + 5P (IB) + O(®)
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Field equations

® idea: Jh" — (wi + 6950;;)/@”'“(-],4: r,0,0)

v

® phases factor out of equations

(SG[}iL] . .Tl

56’[}?’72'2] = (SZG[HI': h,:]] _ 5G[hp2]
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Field equations

® idea: Jh" — (wi + EJB(’);;)/'L'”'*’”(-],4: r,0,0)

v

® phases factor out of equations
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Field equations

® idea: Jh" — (wi + E.JIB(’);;)/'L'”'“(.]‘_4: r,0,0)

ny

® phases factor out of equations

0Gy, [hl;] - Tj‘ﬁ-

§Gio [RE?] = 682Gy RS, I,

! YWt

| —6G., [hl] + JiG,0Bh,

Wi

® we need NITs before solving 2SF field equations
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Wave generation

e compute amplitudes h'**(.J ), frequencies w4(Jg), and driving forces
fa(JpY across J 4 space

" kA, .
generate waveform >, , hl:@t(J4)e %4 by solving

dpa 1

s —Qa(J

dt ¢ alJB)
d.]}_q
dt

FQIB) +ef P (JB) + O()

9 June 2021 8/11
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Example: quasicircular orbits [ap, wardell, Warburton, Miller, 2019]

parameters: J4 = {Q,0M,0S}
field: oo el h,z;m,m(JA ,T)e ey,
phase: ¢, = [Qdt =1 [Qdi

frequencies: w,, = mf)

inspiraling
orbit

sequence of
circular
orbits
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Example: quasicircular orbits [ap, wardell, Warburton, Miller, 2019]

® parameters: J4 = {Q,M,5}
s field: few ) o e® hzm,m(JA,-r)c""’”“f’f’Y,gm_
® phase: ¢, = [Qdt =1 [Qdi

® frequencies: w,, = m{)

inspiraling
orbit

® the simple test case

® that will never die

sequence of
circular
orbits
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Road to Kerr (phase 0)

Quasicircular orbits in Schwarzschild, Lorenz gauge

e _[Solve 6@, [RR)] = Sei
{B(Jb LOm 2y J L (Warburton)

(')‘h(']i) off C2 Vo P(2) ‘ (1) L2
{ (leu'l;{au) b;‘fi«” — Ol(";tu = ()(I!”, [/}_.P{gw — ()f/’!”’ ]"H.IE )

76,1000
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Road to Kerr (phase 1)

Quasicircular orbits in Schwarzschild, Teukolsky

Calculate BCs for t(ﬁ)] A Solve O r,."_(‘ll“)) =9
(?) | (Leather)

(Durkan) ather)

ara. (1] > -(2}
{ S[0; h'*] Calculate S ( (Iih] } J

L

A

B
|

5%G from PN ] S[6%G) N (Transﬂn‘m to HR Gauge
(Kavanagh) | (Spiers) & L (Upton)

Transform to Bondi-Sachs Gauge
(Spiers)
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Road to Kerr (phase 2)

Quasicircular orbits in Kerr, Teukolsky

New problem: hf;g =h,0(r—r,)+ PO T = ) = fﬂ»?”,d(f‘ —Tp)

%

‘ Calculate BCs for {‘z-_:‘; }—" Solve Ot ‘llﬁ) =5 ‘
( S[0; V] J—> Calculate S

Gy : : (1) . e et
hyw in Lorenz via reconstruction hyw in HR/BS via puncture scheme
(Toomani, Green, Wardell) (Toomani. Zimmerman )
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Summary

two-timescale expansion provides efficient framework for rapid waveform
generation

results slowly arriving for quasicircular orbits in Schwarzschild

extension to eccentric orbits also looks feasible. See 2020 talk by B. Leathers

we're on the bumpy road to Kerr
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