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Black-hole binary spin precession

1. A swest relativistic etffect full of surprses

VWavetorm modulations, frame dragging,
resonances, Instavilities, superkicks

2. A treasure trove for plack-nole astropnysics

—ormation channels, supemova Kicks, mass transter, tides,
core-envelope Interactions, accretion disk pnysics




Three things today...

1. Precession-averaged PN dynamics

DG+ 2015, arXiv:1506.03492
DG+ 2023, arXiv:2304.04801

2. Up-down instability

DG+ 2015, arXiv:1506.09116
Mould, DG 2020, arXiv:2003.02281

3. VWhat precession parameter

DG+ 2021, arXiv:2011.11948

[=ccentricity In the next talk by Giulia)

Fumagalli, DG 2023, arXiv:2310.16893



A tale of three timescales

» lorb X (T/Tg)g/z

W Orbltal m@ﬂ@ﬂ // Kepler's third law
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2. opin & oroital-plane precession o

3. GYW emission and inspiral trr o< (r/ry)?
\\_/” Quadrupole formula

Peters & Matthews 1963
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f (Post-)Newtonian > r, = GM/c*: timescale hierarchy

. Precession |

SH DInary multi-timescale analysis:  pa+ 2o1s, 2023
1. Solve the dynamics (hopefully analvtically) on the shorter time

2. Quasi-adiabatic evolution ("average”’) on the longer time



Two spln PN dynamlcs

o Three momenta, 9 components L, S1, So
. Spm magmtudes are const —rame (3 censtramts)

|

i‘ Spm precessm 554D prob!em T, 6’1, 02, ACI) 11

« 7 andalso J =|L 4+ S1+ Sa| varyon trr
e [Effective spin is constant (at least) at 2PN Racine 2008

j S - T o o - T B ‘
1 ) A |
| Spm orecession is (actually) a 1D proolem! Y191 — x2Sy~ |
DG+ 2015 5X — e :
| ...and its analytically tractaole ! k

DG+ 2023 1

These 1D solutions are now at the heart of the “twisting up”
procedure in some of the modern precessing GW waveforms



Averaging the average

Now GV emission

e (Juasi-adiapatic approach
e OnlyrandJvaryon trr

Usual orbit average

_———» S0me parameters for the dynarmics
Jdy X dt]dy [say Kepler's true anomaly)

(X)
J dip dt/dy T~ v Orbital pericd

orb —

Now a precession average
[ dox (X)om, dt /dbx ~—, Dynamics is now parametrized by 0y

[ doxdt/ddx | |
~______-Y rrecession period

(X)pre =



Precesion-
averaged
evolutions

o Only way evolve from infinitely
arge separations

e |akes seconds

o Now LVK reports spins at
Nfinity with this formalism

i
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(Updates on this business in the very recent: DG, Foroni+ 2025 |



It’s accurate! (2, [ P
n x2 =04 L __. Orbit-averaged

r = 1000M (initial) r = 500M r = 100M r—10M
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= We might have a different definition of “accuracy”. ..



It’s fast!

Incredibly favourable scaling with the separation
(can actually integrate all the way to/from infinity!)
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O(0.18) on a laptop,
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Try this at home

precession. 0peN-source python module
DG+ 2015, DG+ 2023, Fumagalli DG+ 2023

~ pip install precession TOO BADWE CANT
S>> import preoessmn G'VE IT A SOUL.-
- - SURE &
WE CAN import soul
Features ‘[‘
1. Precessional dynamics
2. Orbit-averaged inspirals |
3. Precession-averaged inspirals @
4. Remnant predictions CH, RIGHT,
5. APl documentation
o. lests and tutorial
Used in >100 papers to date, glthub com/dgerosa/precessmn

oy many people |




Alighed configurations

o Astrophysical processes drive binary here (mayoe)
e |Jsed as testbed for waveforms developing
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All these configurations are solutions
of the PIN eguations at any separation. ..




New precessional instability!
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.  Stable at all \
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‘1 L Up-down binaries can be unstable!

| l
A

| Instapility kicks in at separations |
4 |
VX1 T /X2 l
@ 7S Tud+ Tud+=( x QX)M l
(1—q)? l
¥ |
L S, w
e Hrst found using the effective potentials DG+ 2015b
o Then with explicit perturbation theory (stil PN) - Mould DG 2020, Lousto Healy 2016
o And then even with full numerical relativity! Varma Mould DG 2021
e |niections into LVK noise  De Renzis DG 2022



Observational predictions

Sinary likely undenwent the
Nstabillity before entering the
LIGO banc

Nechanisms to deplete the
aligned region

Vel defined endpoint

S1 =S5
S;-L=S,-

Sut how about binarnes that start
orecessing while peing
obsenved”!

Mould DG 2020




What’s up with Xp ?

orecession radiation reaction
CdL df. . dL. ) L.l

2PN spin precession equations:
Qp = Q1 x151 + Qa2x252

M2 3qXer M2
Q0 = 44 3q—
S T ) L
gM* | 3qxer M2
Q, = dg +3 —
2= o814 q)2 |1 (1+q) L

— (91X1 Sin 91)2 + (QZXZ sin 62)2 -+ 2Q192X1X2 sin (91 sin (92 COS A(I)

Schmidt+ 2015 Extremize cos A® = 1 | take an artmethic mean, and normalize by ()

N dL
dt

L,
dt

1
‘Heunstic”  Xp = 2—91 (
+

But:

e (Often cos AP = +£1 s not alowed geometrically

, 4qg + 3 :
— max | x1sinf,q X2 Sin 0y

4 + 3q

e [Nhe three angles 01,02, AD vary on the same timescale!

DG+ 2021, De Renzis DG+ 2022



Two strategles to fix this

—  _— e — L — - —_ = — o

—
i‘ The common Xp expression is a partial average over the precession timescale W
| J

I:;b,_ _—

wo things one can do:

1. Retain all variations on the precessional timescale 'Ceneralzed” Xp

dL| 1 oo [ 4g+3 . N\T g +43 1/2
Xp dt | = [(Xl sin6)” + (q4+3q><281ﬂ92) +2q4+3 X1X2 Sin 64 SIHHQCOSA(I)]

N S

same terms as pefore

%—1
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Xp dip

2. Precession-average them all "Averoged”  (x,) / (

dt



A better precession parameter

‘ .
1 Heplace  Xp = max (Xl sin by, ¢

| | : 2 q
} with xp = [(xlsm91) + (q4+3q

and average consistently

The Xp € [1, 2] region is exclusive to
Dinaries with two precessing spins

|
|

| Xp > 0 Eiidence for spin precession

1
l
Xp > 1 Eidence for two-spin effects !

= —_— — —_ == e — ==




Three things today...

1. Precession-averaged PN dynamics

DG+ 2015, arXiv:1506.03492
DG+ 2023, arXiv:2304.04801

2. Up-down instability

DG+ 2015, arXiv:1506.09116
Mould, DG 2020, arXiv:2003.02281

3. VWhat precession parameter

DG+ 2021, arXiv:2011.11948



More spin things!

Spins and astrophysics [idal interactions, supemnova Kcks,
MaAss transfer accretion DG+ 2013, 2018 and infintitely many more

Spins and waveforms Our solutions now somewhere In Phenomx
Chatziioannou+ 2017, Khan+ 2019, Pratten + 2023

Spins and population stats \ced 10 go back to past time Infinity
Now LVK GW TG4 catalog gquoting spins back in time Mould, DG+ 2022

Spins and eccentricity —xtremely interesting Interplay
(notion of "effective circular binary”)  Fumagall, DG+ 2023, 2024

Spins and three body Clustering in the orbital plane

e.g. Antonini+ 2017

Spins and tides \/\\nat happens with neutron stars”
LaHaye+ 2022

Spin and kicks Sig kicks only come from spins!
Rodrigues+ 2007, Campanelli+ 2007, DG+ 2018
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