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Spin in the waveform

Aligned components

 Different merger frequency
(ke the [SCO)

» Aligned spins take longer
{0 merge

In-plane components

e SpIN precession; orpital plane precession

h(t)

e Peculiar wavetorm modulations
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8.x 107" = spin1 = 0.0, spin2 = 0.0, ending frequency = 1099 Hz binary black hole, 1 + 3 solar masses
b initial frequency = 60 Hz
6.x 1022 = spin‘orbit aligned or anti-aligned
- (all curves)
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Spin measurements

"TTIGONirgo Colaboration.
Best measured quantity: effective spin 6/ :
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A tale of three timescales

DG+ 2015a; Kesden, DG+, 2014

1. Orbital motion  tors o (r/rg)*?

Kepler’s third law

2. Spin & orbital-plane precession .. o (1/7,)%2% oo 00
3. GW emission and inspiral tgr « (r/r,)* Quadrupole formula

Peters & Matthews 1963

Post-Newtonian: 7> r, = GM/c*  timescale separation
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Qua8| aohabahc evoluhon (* average ") on the Ionger time
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| BH bmary multl-tlmescale anaIyS|s

1. Solve the dynamics (hopefully analytically) on the shorter time .”

Common practice in
binary dynamics
e periastron precession
e Osculating orbital
elements
 variation of constants



Two- spln PN dynamlcs
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1; Orbﬁ << Precessmn << Inspwal h
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Variables  « Three momenta, 9 components L, S1, So

Constraints « Spin magnitudes are constants
o Reference frame (3 constraints)

Spin precession is a 4D problem!
r, 6)17 6)27 AP

Timescale separation: freeze GVW emission

e r and J = |L—|—Sl —|—Sz| vary on tRR
o Effective spinis constant at 2PN (§ = Xes) Damour 2001; Racine 2008

Spin precession is (actually) a 1D problem! Analytical

Chosen parameter is S = |S1 + Sz solution!



Kepler’s two-body problem

What you do:
* One effective particle: 3D
e 3D to 2D proplem:

0.4}

0.2}
E | is a constant of motion!
S * Energy is constant; 2D to 1D7
L.% * [ffective potential

|
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What you get:

e Aot of understanding

e Solutions are Kepler's orpits
00 05 1.0 L5 21‘6“ 25 30 35 10 * Phases: bound, unbound

Separation

f— — : _— _ S e ————— e e S
ntegrate  GMm /r? to get a bunch of points along an orbit or. .. ;
knowing that that curve is an ellipse! |
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Effective potentials for spin precession

costy =1 ot =1 renden Des, 2014]  What you do:

021 o« Start from 4D problem
N - Jtml e AD to 2D problem: GW are frozen,

0.1} rand J are constant,

 Sun * further constant of motion,

T G effective spin: 2D to 1D
« Effective potentials for BH binary

. sSpiN precession

What you get:
B Librating A® ~ (° L S| ® Analytical solutions
— 0.2/ E= Circulating o Cmm
e Phases, resonances

B Librating A® ~180° cosfy=1 e
00 0ol 02 03 o4 05 o6 < Alotof understanding
/M2

—— e EE— D — e e — ‘
4 Integratmg the PN eq. to get a bunch of oINS ON a precession cone or..

knowing the shape of that conel! }‘
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- - ' DC-‘al+20|15al | 9
Spin morphologies .. 1
Splﬂ tilts (91, (92 i

* Monotonic osclllations: nutations o
e Bounded by the effective potentials
Azimuthal projection A® 12’ W
e [hree different morphologies /4]
e Boundaries If aligned
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37 /4}
[ 1 Circulating o/l

0 L L L L L L
0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
S/M?



A complete classification

[
o
e =xtremely rich phenomenology!
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—ffective potentials allow a full classification of the parameter space
Using only geometry and constant of motions!
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Averaging the average

-

L Orbﬂ << Precessmn << Insplral

e —— e —

Let’'s turn on G\ emission —

» Quasi-adiabatic approach \ "
e OnlyrandJvary on trr. One single ODE.

Usual orbit average

/—-‘\%nge parameters for the dynamics
(X) = Jd X dt/dy (here v is Kepler's true anomaly)

orb
J i dt ]y~ ¥ Orbital period

New precession average
[dS (X)om, dt/dS ~— —Dynamics is now parametrized by S

[dS dt/dS ~ | |
\____,/v Precession period

(X)

pre —



Precession-averaged inspiral

L/M?
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DG+ 2015a]
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Result is very simple!

d.J 1
(TL) =g+ 2 = (e
pre

e PN evolution is reduced to
solving one single ODE

o Computationally, very easy

 Domain can be compactified

to Integrate from r/M = oo

e Precession-timescale
guantities are then resampled

.
.
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Morphological phase transitions
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Phase transitions:

« Discontinuities in the evolution of AP

0.40

* Atlarge separations, circulation AP & [—7T, 7T]
e At small separations: libraton A® ~ 0 or AP ~ 7
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cos B, = —0.8
cos o = —0.4

The role of
alignment
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* The range grows fatter ;
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A predictive statement

 Morphology: feature of spin precession that
does not vary on the precessional time!

e [he final spin orientations are scattered around,
but back in the days...

— _ _

The final mor
the initial spin orientation:
how BHs form!
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N ew p red i Cti O n S “Blnrystar astrphysms

DG+ 2013, 2018, 2019
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Matt S talks rlght now'

Nutatlonal resonances

Morphologies can be distinguished || | Zhao, Kesden, DG 2017
DG+ 2014; Trifiro’, DG+ 2016, Afle+2018 | -

x1=1
x2 =1
& =-0.33

L /M = 700 — 270

| Asymptotic mapping | | Fast LIGO waveforms |
| Reali, Mould, DG+ 2020 | Chatziioannou+ 2016 A

Luca's talk yesterday !
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| | = Numerical integration

= Analytical approximation




“precession” python module

Used in 25+ papers to date
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- Stay tuned! New awesome version coming

DG, Mould 2020 (i prep) |
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Thanks! M. Kesden, E. Berti, R. O’Shaughnessy,
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1. Spinning BH binaries

2. A new approach to BH spin precession

3. Astrophysics with BH spins




