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Abstract: After prodigious work over several decades, binary black hole mergers can now be simulated in fully nonlinear numerical relativity.
However, these simulations are still restricted to mass ratios g = m2/m1 &gt; 1/10, initial spins &/M &It; 0.9, and initial separations r/M &lt; 10.
Fortunately, analytical techniques like black-hole perturbation theory and the post-Newtonian approximation allow us to study much of this region
in parameter space that remains inaccessible to numerical relativity. | will use black-hole perturbation theory to establish a fundamental upper limit
to the final spin that can be attained through binary mergers, and show how this limit can be used to improve predictions of final spins for finite
mass ratios as well. | will aso show that post-Newtonian inspirals between 1000 M &lt; r &It; 10 M can align or anti-align black hole spins with
each other, dramatically changing the distributions of final spins and recoil velocities that would be expected in astrophysical black hole mergers.
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Outline

e What are binary black hole mergers?

e Maximum spin from quasi-circular binary mergers
e History of theoretical limits to BH spins
e Calculation of new fundamental limit from BH mergers
e Implications for predicting final spins

e Final spins from precessing binary black-hole mergers
e Spin-orbit resonances (Cassini states?)
e Alignment of BBH spins
¢ Implications for final spins and recoil velocities



Spinning Black Holes
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e Kerr 1963 discovered the unique stationary,
axisymmetric vacuum solution to Einstein’s equatlom

ds*=(r*+a®cos?9)(d6* +sin®6do¢?) +2(du +a sin’6d ¢)

2
x dr +a sinzﬁdqb) = (1 ——z—%‘r——‘)

r2+a®cos®s

x (du+a sin®6d o )?,

e This solution ceases to be a BH for spins above the Kerr
limit a. = a/m = 1, where its event horizon vanishes.

e Can BHs with spins at or beyond this Kerr limit be
realized in nature?




Yes they can!!!

e Bardeen 1970 showed that if BHs accrete a rest mass |
AM, from the marginally stable (ms) orbit '

AM = E',,AM,, AJ = LTnAM,

dM|dM, = ET_(ay) .

e A non-spinning BH of mass M, reaches the Kerr limit
a. = 1 after growing to a mass M= /6 M,




No they can’t!!!

e Thorne 1974 showed that if this rest mass is accr _wﬁ
from a geometrically thin, optical thick accretion disk: °
e Energy must be radiated for the mass to reach the ISCO =~
e Some of these radiated photons will be captured by the BH

® Photons with retrograde orbital angular momentum will be
preferentially captured

e These retrograde photons spin down the BH,
establishing an upper limit to the BH spin a;, < 1.

e |Let’s see how this works!
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Radiatively efficient disks
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How fundamental is this

* This limiting spin depends on the intensity <I(, o) & i

e What if no photons are emitted as all, as during binary black |
hole inspirals?

e Photons (ys)
® A «R;=2GM/c?
¢ |ncoherently emitted ys act like particles
¢ Captured when null geodesics cross horizon

e Gravitational waves (GWs)

® A-0,"~Rs
e Coherently emitted GWs act like classical waves
e When are GWs captured?
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Black Hole Perturbation Theory

e Einstein’s equation is nonlinear in the metric

® |n the test-particle limitq = m/M « 1
¢ Small metric perturbations about Kerr background
e Vacuum perturbations fully described by Weyl scalar

e v i 'ir‘ =N = |'I‘|‘
vy = —C 3-sn"m"n’'m"°

e [inearize Einstein’s eq. in these small perturbations



Teukolsky equation

e Nonlinear Einstein eq. = linear Teukolsky eq.
® Teukolsky eq. is separable

e Calculate GW fluxes to = and down the horizon at r.,

¢ |Implemented with GREMLIN code (Hughes 2000)
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Teukolsky equation

e Nonlinear Einstein eq. = [linear Teukolsky eq.
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e Calculate GW fluxes to = and down the horizon at r,
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Superradiant scattering

® For highly spinning BHs, GWs are scattered to = with '
larger amplitudes than they were emitted with

e Energy and angular momentum are extracted from BH

e This sets a new GR limit to BH final spins, where the
positive torque from the accreted material balances the
negative torque from the scattered GWs.
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Limiting spin

Mr" M. -

= New fundamental result from BH perturbation theory.

= Can it tell us anything about comparable-mass mergers?

AM M,



Numerical
Relativity

e Pretorius 2005 successfully merged BHs in full numerical
relativity for the very first time

e Simulations are limited to
e [nitial data with spins a. < 0.9 (Marronetti et al. 2008)
e Mass ratios g = m,/m, = 0.1 (Gonzalez et al. 2009)

e Cannot simulate the regime of our previous
calculations, making direct comparison difficult




Fortune favors the bold ...

e Hughes and Blandford 2003

® Kesden 2008
Msx =M — |l — Eiscol X f )

e Kesden, Lockhart, Phinney 2010
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Numerical relativity s

particle extrapolation
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Conclusions |

* General relativity allows BHs to have spins up “*-
Kerr limita. = a/m=1 ,

e Astrophysical BHs will have spins that depend sensitively
on how they were assembled

e Kip Thorne showed in 1974 that the preferential
accretion of photons with negative L limits a. < 0.998

o We showed that the superradiant scattering of GWs sets
the same limit for BHs formed in binary mergers

e Black hole perturbation theory complements numerical
relativity by predicting final spins for small mass ratios
and high spins



Spin precession in BH merg

Numerical relativity indicates final spin/recoils depend |
sensitively on BH spin orientation at merger. IR

Why should astrophysical BH mergers be aligned?

Tidal torque by a circumbinary disk may align BH spins with
disk orbital angular momentum (Bogdanovic et al. 2007).

Effectiveness of this alignment depends on the accretion
flow, 10°(30°) for cold (hot) disks (Dotti et al. 2009).

Misaligned BH spins precess as separation decreases fromr; ~
1000 M where radiation reaction takes over to r; ~ 10 M where
NR simulations can be performed.
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Fortune favors the bold ... 5y
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Numerical
Relativity

e Pretorius 2005 successfully merged BHs in full numerical
relativity for the very first time

e Simulations are limited to
e [nitial data with spins a. < 0.9 (Marronetti et al. 2008)
e Mass ratios g = m,/m, = 0.1 (Gonzalez et al. 2009)

e Cannot simulate the regime of our previous
calculations, making direct comparison difficult




Limiting spin
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= New fundamental result from BH perturbation theory.

= Can it tell us anything about comparable-mass mergers?




Fortune favors the 'i-' .-

e Hughes and Blandford 2003

e Kesden 2008
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e Kesden, Lockhart, Phinney 2010
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Numerical relativity vs. test-
rticle extrapolation
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Conclusions |

e General relativity allows BHs to have spins up ‘" :
Kerr limita. = a/m=1

e Astrophysical BHs will have spins that depend sensitively -'
on how they were assembled

e Kip Thorne showed in 1974 that the preferential
accretion of photons with negative L limits a. < 0.998

o We showed that the superradiant scattering of GWs sets
the same limit for BHs formed in binary mergers

e Black hole perturbation theory complements numerical
relativity by predicting final spins for small mass ratios
and high spins



Spin precession in BH

Numerical relativity indicates final spin/recoils depend |
sensitively on BH spin orientation at merger. | )

Why should astrophysical BH mergers be aligned?

Tidal torque by a circumbinary disk may align BH spins with
disk orbital angular momentum (Bogdanovic et al. 2007).

Effectiveness of this alignment depends on the accretion
flow, 10°(30°) for cold (hot) disks (Dotti et al. 2009).

Misaligned BH spins precess as separation decreases fromr; ~
1000 M where radiation reaction takes over to r; ~ 10 M where
NR simulations can be performed.



Hierarchy of timescales

e Orbital time: t - 32

® Precession time: t,- r3?2

® [nspiral time: tew = E/(dE/dt)gy, - r*
*r>M = G« 4, « tow




Spin precession

* t,n» « t, = orbit-averaged precession equations:

3HSs L aSq ) - Ly
E_F{_TI} '\)L;.,-ﬂ—S-_;-].
L .

(2.2b)




Orbital angular mom
evolution

* t,«tew = J=Ly+S,+S;and |Ly| conservedon t,
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= Izotropic spins remain isotropic (Bogdanovic et al. 2007}




Orbital angular moment
evolution

e Orbital frequency increases on tg »
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isotropic spins remain isotropic (Bogdanovic et al. 2007;




Non-isotropic distribut
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Spin alighment |
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Final spin magni des
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e Apply Barausse and Rezzolla 2009 spin formula atr; =
1000 M (dotted) and r: = 10 M (solid)
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Recoil velocities

e The final BH can recoil with velocities < 4,000 km/s
(Campanelli et al. 2007)
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Conclusions ||

e Misaligned BH spins will precess many times -
inspiral fromr; -~ 1000 Mtor,=10 M .

e [sotropic distributions remain isotropic, but partial
alignment between the BH spins and orbital angular
momentum at r; is expected in astrophysical mergers

® PN equations of spin precession imply that the BH spins
will become substantially aligned by r, for q - 1

e This alignment can significantly alter the expected
distribution of final spins and recoil velocities
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