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Supermassive Black Hole Binaries

Farris et al 2014
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Bardeen - Petterson effect Caproni et al. 2005

When Jg,, L, misaligned :

dis

— Lense-Thirring precession

aligns inner disc

8Ldisc _ 2G JBH X Ldisc
ot c? R3

— QOuter disc stays misaligned
and brings the systemto co /

counteralignment

Lodato & Price 2010



Why spin alignment | M. Favata
matters

5.x10°%

Binary spin alignment affects "
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https://www.soundsofspacetime.org/spinning-binaries.html

Scheuer & Feiler 1996

- - H - Natarajan & Pringle 1008

Can the binary align in time? Martin ot al 2007
Lodato & Gerosa 2013

10° '
t o <t .« butthis depends _ ==
align ~ “inspiral 104 Primary BH —  taa
on mass ratio q
- Differential accretion: smaller 10%}

secondaries orbit closer to
circumbinary disc and accrete
more gas

- Beyond timescales: can we Secondary BH
measure the residual

misalignments?
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1D Boundary Value Problem

Mass conservation
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Pringle 1992

Scheur & Feiler 1996
Martin et al. 2007, 2009
Tremaine & Davis 2014

Gerosaetal. 2020
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viscosities are
non-linear (Ogilvie
1999, Ogilvie & Latter
2013)

assume JdiSC >> JBH

.. Isn't this too

unrealistic?
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Lense-Thirring Companion
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Infinite-angular-momentum assumption

Why?
- in gas-rich galaxies circumbinary discs act as a gas reservoir — disc outer
boundary is kept constant — BH coaligns with disc
- in gas-poor galaxies there is no disc, the binary reaches merger with
misaligned spins (Steinle & Gerosa 2023)
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Infinite-angular-momentum assumption

Why?
- in gas-rich galaxies circumbinary discs act as a gas reservoir — disc outer
boundary is kept constant — BH coaligns with disc
- in gas-poor galaxies there is no disc, the binary reaches merger with
misaligned spins (Steinle & Gerosa 2023)

— Spin alignment in GWs could discriminate between gas-rich and
gas-poor environments!

But:
- no middle ground for finite-angular-momentum discs
- Bourne etal. 2024 findn <1
- King et al. 2005: for n < 2 system counteraligns
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Finite-angular-momentum discs

Instead of fixing disc
Shape ( f‘disc (Tmax) ).
local BVP

FixJ, (r ),

disc’ max

non-local BVP!

Jd(rmax) — / 27TT'L(7‘)d7‘

risco

(Isolated BH only)
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Finite-angular-momentum discs

Instead of fixing disc
Shape ( IAldisc (Tma.x) ).
local BVP

FixJ, (r ),

disc’ max

non-local BVP!

Jd(rmax) :/ ‘ 271’7'L(7")d7'

r1Isco

(Isolated BH only)

etarget » Ntarget

v

Update rgyess

A

Y

solve disc with
Tguess: KEEP 1) as a
free parameter

Disc is solved
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Non-linear viscosities

etargetv Ttarget

Update

viscosities with [«

warp profile
7}

run BVP with
linear

viscosities
A

Y

solve disc with
Tguess: KE€P 1 as a
free parameter

A

run BVP with
updated
viscosities

NO
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YES

Nfound
= Ntarget 5

NO

Update rgyess
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YES—>

Disc is solved
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. (Isolated BH only)
Disc shape
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Critical obliquity
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Critical obliquity

60 deg

Nealon et al 2022;

- critical obliquity corresponds to disc breaking,

- disc breaking hinders (and can even prevent) disc-BH
alignment,

- discs show additional phenomena (e.g. spiral arms) not
captured by 1D approximations.

Warping Unsuccessful breaking Breaking/tearing (single) Breaking/tearing (multiple)
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Time evolution

From angular momentum conservation:

d _ 5 dipy
dt L G dt

i cosf = —@ 1 goa Y

d dt n
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Time evolution

From angular momentum conservation:

always negative!

d "
e, ey, st
dtn disc
icogf)— o1
dt  °dt

(1+
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Time evolution

From angular momentum conservation:

— cosf|=
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Time evolution

From angular momentum conservation:

(i . :i (i:iIBI{
T T:
d dn cos 0
—cosf=——11
T CoS Em ( i 3 = )

If 8 (t=0) < 9O’ discs will always
coalign!
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Time evolution

Given 6, n at t=0:
1. cos@>-n/2

disc tries to coalign — critical
obliquity
2. cosB<-n

disc counteraligns

3. -n<cosB<-n/2

tries to coalign, reaches
turning point — counteraligns

Exactly as predicted in King et al. 2005
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Next steps

- Add a companion and study the binary spin alignment

- Collaboration with Cambridge cosmology group (Bourne et al
2024). can we add non-linear warps in hydrodynamical simulations
of the circumbinary disc?
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Next steps

- Add a companion and study the binary spin alignment

- Collaboration with Cambridge cosmology group (Bourne et al
2024). can we add non-linear warps in hydrodynamical simulations
of the circumbinary disc?

Thank you!
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Conclusions

- Relaxed the infinite-angular-momentum assumption

- Developed a numerical scheme which finds self-consistently
both the disc size and the non-linear viscosities

- Found the critical obliquity regime

- Evolved the system in time and confirmed the possibility of
counteralignment cases
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cost

Direct coalignment: 6=75.0, n=1.3
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cost

Direct counteralignment: 6=135.0, n=0.5

Indirect counteralignment: 6=135.0, n=1.3
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