Adiabatic equatorial inspirals of a spinning body into a Kerr black hole

Viktor Skoupy

Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University,
Astronomical Institute of the Czech Academy of Sciences,

11.3.2022

arXiv:2201.07044

\ Astronomical
CHARLES UNIVERSITY H
Faculty of mathematics Institute
£ and physies of the Czech Academy

of Sciences

Viktor Skoupy Adiabatic equatorial inspirals of a spinning body into a K 11.3.2022



Introduction

@ Motivation: calculation of gravitational-wave templates for the detection of GWs
@ Extreme mass ratio inspirals with spinning secondary

o Calculation of phase-shifts between EMRI with spinning and non-spinning body

@ Introduction
© Dynamics of spinning particles
© Gravitational wave fluxes

e Adiabatic inspirals
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Extreme mass ratio inspirals

Extreme mass ratio inspiral: stellar mass BH/NS
orbiting a supermassive black hole

Mass ratio ¢ = /M = 10~7-10*

Energy and angular momentum loss due to
gravitational radiation reaction

8

- Post-Newtonian Theory
I

uonesedsas S

Perturbation theory,

Emitting GWs to infinity L

1 Mass Ratio ———————————> o

Possible to detect with LISA

Opportunity to study strong gravitation around BH
Phase of the GW: ®(t) = ®¢(t)g~! + ®1(t) + O(q)
Secondary spin contribution in &4

https://en.wikipedia.org/wiki/Extreme_mass_

ratio_inspiral
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Spinning particle in the Kerr spacetime

@ Pole-dipole stress-energy tensor

v 1 ply) i i oluyv) i i
TH — ﬁ( " 53(x —x,(t)) = Va (\/f63(x —xp(t))>)

@ Mathisson-Papapetrou-Dixon equations for the four-momentum P* and spin tensor S#¥
o Constants of motion:

o p=+/—PrP,

o 0=,/55,/(uM) < gx'1
o E=—¢lyPu+E5m )2

°o J, = £F¢)P# - §£¢BSHV/2
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Spinning particle in the equatorial plane

e Equatorial plane = spin parallel to the z-axis

e Equations of motion in the equatorial plane: 3
ODE?

@ parametrization by eccentricity e, semi-latus rectum

p
n = Mp P = Mp
! l1+e 2 1—e
e Formulas for?
o E(a,p,e,0)
o J(a,p,e0)
o Q.(a,p,e,0)
o Qya,p,e,0)

?Saijo et al., Phys. Rev. D 58 (1998)
®Skoupy and Lukes-Gerakopoulos, Phys. Rev. D 103 (2021)
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Linearization in o

@ 0 < g < 1= linearization in o
o Linearization w.r.t. geodesic with the same p, e: E(p,e,0) = E®)(p,e)+ 0 dE(p, e), etc.
o Linearization w.r.t. geodesic with the same frequencies: p(Q;,0) = p&(Q;) + o p(Q;)

0:290,9, — 0.090,9,

0P = G 0,0.0, — 0.0, 0,00,
~0,0%9,9, + 9,0%9,9,
de =

0p2,0eQ25 — 09,0,

@ Other quantities: 6f = ag (5p—|— 8f56
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Teukolsky equation

o GW from EMRI as perturbation of the background spacetime
@ NP formalsm: perturbation of Weyl tensor projected on a tetrad ¥, = — agmgnaﬁﬁﬂﬁ‘s

@ Teukolsky equation for the field variable 1) = (r — iacos §)*W,

<(r2 +a°)° a2 9) PP 4Mar 9y <a2 1 ) &

A o2 A Otdp A sin?f Dp?

B _52 5+1871/J 1 g . 871# B a(r—M) icos@ Bj
A 8r<A ar) sin989(sm989) 25( A sin?e ) oy

M 2 2
_2s<(ra) —r—iacos(9>?;f+ (S2Cot29—s)1/):47rz7_7

A
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Solutions of TE

@ Decomposition into Fourier modes
0= [tz 0
I;m

@ Radial equation solved using Green function formalism
Ui (r) = Cir (DR (1) + Cir (R (1)
@ Periodicity of the radial motion: discrete frequencies wm, = mS24 + nS2,

Ct = Z CiE 6(w — wmn)

@ Linearization
Gt =C® oot

Imn = “~Imn Imn
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Energy and angular momentum fluxes

o Strain at infinity h,, = hief, + hxey,

h=hy —ihy =—= Z Imn awmn(g) —iwmn(t—r*)+ime

Imn

@ Energy and angular momentum fluxes

0 / )
P L Y % 4;;;

/=2 m=—[ n=—00

0 / 00
PN Y Y
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Numerical calculation

First we find orbital quantities for given p, e

C,i(ng), 6C,fnn calculated using numerical integration

Summed over /, m, n for given accuracy

Repeated for grid-points in the p — e plane

FE, FJz interpolated using Chebyshev interpolation

logjglerr.)
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Adiabatic inspirals

Fluxes are very small: two-timescale approximation

Flux-balance laws: FE and F7 are equal to —E, —J,

@ Evolution of p, e 1
dp 9E  9E\ ! dE ]
AN 3 dE ]
dt op Oe dt ]
e
e Linearization: p(t) = p(®)(t) + o dp(t), ]
e(t) = e®)(t) 4 o de(t) ;
@ Evolution equations: 1
o w5 6 7 8 e 10 1 1
P _ @) () (o) (&) ole)
a =P, e) o = 9plp ,0p, de) P
de® _ (o) o) L) dde _ o 0 (@)
T (p¥,e®) E—ée(p ,e® dp, de)
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Waveform

@ Waveform from inspiralling orbit

2 C—I";‘ln(t) aWmn —i im
) = = 3 ey S @ i

o GW phase ®,,, = m®, + nd,

/Q,¢ ), e(t), 0)d¢’

@ Linearization:
= D) + 050,

@ Phase shift 0 d®, 4 of the order of radians
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Phase shifts
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Maximal radial phase shifts
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For the detection of EMRI, waveform templatest must be generated with high accuracy
The spin of the smaller body must be included

We have calculated orbital quantities of spinning body linearized in the spin

Using Teukolsky equation we calculated the GW fluxes to infinity and to the horizon

We have calculated adiabatic inspirals and the phase shifts due to the secondary spin

Thank you
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