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1. Introduc+on: NR Breakthrougths and first BBH orbital dynamics results: Hangup.

2. Precessing dynamics: Flip-flops, alignment instability, GW Beacons.

3. Merger remnant: Modeling of final mass and spin. Peak waveform amplitude 
and frequency. ApplicaIons to GW observaIons.

4. Merger Recoils: Generic and maximum astrophysical recoils. ApplicaIons to 
staIsIcal distribuIons and 3C 186.

5. NR Waveforms Catalogs: ApplicaIons to GW observaIons, direct and complete 
binary parameter esImaIons.

6. GW190521: An extraordinary event.

7. Discussion: GeVng ready for GW next detecIons: Highly spinning BBH, small mass 
raIos, BHNS. Pulsar Timing. LISA.

Extras:
• Extreme simulaIons: q=1/128, R/M=100, S/M2=0.99, P/M=0.99, 3BHs & NBHs
• Numerical improvements: ExtracIon r→ ∞, 3PN-QC-ID,(𝛼0,𝛽!), h, CofM 2
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A Brief Historical Overview

40+years of hard labor:
1964   First Simula,on (Hahn & Lindquist)

Larry Smarr and Eppley in the ‘70
… then LIGO …

1990s Grand Challenge
BSSN-NOK evolu,on system
Puncture Ini,al Data (Brandt-Brügmann)
Gauge: Fixed Punctures (Alcubierre et al)
Lazarus (Campanelli et al)

2004  Corrota,ng Orbit (Brügmann et al)

Breakthrough:
2005 NR Annus Mirabilis

Binary Inspiral and Merger
Pretorius, PRL 95 (2005)

Moving Punctures (RIT & NASA)
Campanelli et al PRL 96 (2006)
Baker et al PRL 96, (2006)

(3 solu,ons in 4 months: July-Nov. 2005)

Numerical Rela;vity next:
2006+ GW Waveforms & Orbits, 

Spin dynamics, Mass ra,os, 
GW Recoils, BH remnants, 
BHs mul,plets

2009+ Community Collabora,ons
2010+ Extreme BH Binaries

BH Binaries in a gaseous 
environment

Spectral Einstein Code (SpEC):
Generalized Harmonic, but 1st order
Physical BCs 
Highly-accurate, but less flexible (care 
needed to get BH-BH merger) 
Extended to GRMHD (BH-NS)

Moving Puncture Codes:
LazEv: BSSN + Punctures, AMR,
finite difference-accurate (8th order), 
but more flexible and robust (NBH -
BH/NS/NS mergers)
Community Codes, including GRMHD
(http://einsteintoolkit.org) 



From: G. Lovelace, C. Lousto et al. Class.Quant.Grav. 33 (2016) no.24, 244002

Total (and excellent) complementarity of both techniques!
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Merger of Spinning Black Holes: Hang-Up Orbits

• Hang-up effect due to  strong repulsive spin-orbit interac;on leaving behind a remnant with sub-maximal   
spin < 0.96) [Campanelli, Lousto, Zlochower, PRD 2006]:  cosmic censorship respected!

L
S1 S2

Equal mass – spin aligned BBH
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Trajectory difference r = x1 – x2

• First merger of a generic, precessing BH binary [Campanelli, Lousto, Nakano and Zlochower, PRD 2009]

• Random Spin, non-equal mass, 
small eccentricity 

-m1/m2 ~ 0.8, a1/m1 ~ 0.6, a2/m2 ~ 0.4
- spins initially at arbitrary orientations
- complete 9 orbits prior merger
- Comparison with 3.5PN inspiral

for all l=2,3 modes. 

L

S2
S1

Exploring BH Merger Spin Dynamics: Generic Binaries

• These Simula,ons were Computa,onally Challenging!

m1m2

"I have bet these numerical relativists that gravitational 
waves will be detected from black-hole collisions before 
their computations are sophisticated enough to simulate 
them. I expect to win,...”

Reference: K.S. Thorne, 
"Spacetime Warps and the Quantum World: 
Speculations About the Future,"
in R.H. Price, ed., The Future of Spacetime
(W.W. Norton, New York, 2002).

http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf
http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf
http://www.its.caltech.edu/~kip/scripts/PubScans/VI-42.pdf


Equal mass binary with initial proper 
separation d=25M.
Unequal spins a1=0.2 aligned with L
a2=0.8 slightly misaligned with L such that 
S.L=0.

Run lasts for t=20,000M and makes 48.5 
orbits before merger, 3 cycles of precession 
and one half of spin-flip.

2

25M

mm

α2=0.8 α1=0.2

 L     =1.27M

Motivation: To further understand the dynamics of spinning (precessing) binary black holes

Based on: C.O.Lousto & J.Healy, Physical Review Letters, 114, 141101 (2015)

Aeer merger the final black hole acquires a recoil velocity of 1500 km/s.
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The flip-flopping frequency leading terms are now,

The maximum flip-flop angle is now,

From: C.O.Lousto, J.Healy & H. Nakano, Physical Review, D93, 044031 (2016)
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Accre;on disk internal rim will change loca;on 
with spin orienta;on. This changes
• Efficiency of the EM radia;on
• Spectrum of EM radia;on (hard part)
• Cucng frequency of oscilla;ons
Proper modeling using GRMHD simula;ons 

X-shaped galaxies should show ‘orange peeling’ 
jets when they were about to merge
• For our simula;on this corresponds to 1.2 

seconds for 10Msun and 142 days for 
108Msun

• The effect is s;ll present in unequal mass 
binaries, (and BH-NS and NS-NS) with smaller
flip-flop angles.

ß Simulation by RIT group

We need full numerical GRMHD simulations
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2 PN Analytic study

-

From: C.O.Lousto & J.Healy, Phys. Rev., D93, 124074 (2016)

q>0.45





Flip-Flopping Black Holes: Study of polar oscillations of BH spins 

Up-down spin configurations can be unstable (using low averaged PN) 

We study the instability here by direct integration of the 3.5PN equations of motion 
and 2.5PN spins evolutions

15
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This configura;ons leads to an L-flip q < 1/4 for rc > 10M
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• Beaconing effect likely for q < 1/4 and retrograde BBH systems
• Beaconing effect leads to higher chances of seeing a system face-on
• GW polarizaIons look like preiy different

- Important to measure them
- Relevant for LIGO, LISA and PTA merger observaIons

• When maier present, EM counterparts 
may have characterisIc features on the 
beaconing frequency scale

Ø RIT GRMHD SimulaIon 
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• 477 aligned spin simulations
• 1/5 ≤ q ≤ 1 and  -0.95 ≤ ai ≤+0.95 for the 

spinning binaries
• 1/15 ≤ q < 1 for the nonspinning binaries
• Runs give 10-20 orbits prior to merger at e≈10-3

m1, m2 ,
S1 , S2 è

Mf (q,S1,S2)
è Sf (q,S1,S2)

Vf (q,S1,S2)

Lpeak
è hpeak

fpeak

From: C.O.Lousto & J.Healy, Phys.Rev.D 102 (2020), 104018; Phys.Rev.D 100 (2019), 024021; Phys.Rev. D97 (2018), 084002.
There are many other different modeling in the literature. 21



where and

(Note that the two formulas, for the the final  mass and final spin impose the parccle limit through their ISCO contribucons).
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We model the in-plane recoil as

These expressions can be generalized to precessing binaries

Lousto & Zlochower, Phys.Rev. D89 (2014) , 104052
Phys.Rev. D92 (2015), 024022
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Ready for direct applica;ons to GW remnants, Tests of Gravity, astrophysics, and cosmology (merger trees). 



25Shu perhaps a better spin variable for waveform modeling
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• In binary black-hole (BH) coalescences, asymmetrical 
gravitational radiation carries a net linear momentum, 
causing center-of-mass recoil. To conserve momentum the 
merged BH is given a kick in the opposite direction.

• The magnitude of the kick has an impact in 
astrophysics:
- galactic population synthesis models 
- massive black hole formation scenarios

• If large enough (compared to escape velocity), 
the final BH remnant could be kicked out from 
the host structure … 

• Escape velocities: 
< 100 km/so for globular clusters
~ 500-1000 km/s  for spiral galaxy bulges 
~ 2000 km/s for giant elliptical galaxies

• There are a number of possible observational
consequences: off-set galactic nuclei, displaced 
active galactic nuclei, population of galaxies 
without SMBHs,  x-rays afterglows, feedback trails,etc



• When spins are aligned with L, repulsive spin-
orbit coupling delays the merger (orbital-
hangup effect), maximizing the amplitude of 
gravita;onal radia;on (up to 10%) 
[Campanelli+ 06].

Peak occurs at 
5000 km/s in the
case of nearly 
aligned spins

0 0.25 0.5 0.75 1
θ/π

0

1000

2000

3000

4000

5000

V 1

α=0.91 (Nonlinear)
α=0.707 (Nonlinear)
α=1 (Nonlinear)
α=0.707 (Linear)

New kick formula with 
higher order spin terms 

• Combined with the superkick effect 
[Campanelli+ 07].(which maximizes the 
asymmetry of momentum radiated), 
this leads to very large recoils 
[Lousto & Zlochower, PRL, 2011].

Three parameters family of initial configurations depending of f, θ, 
and spin magnitude, a. Each dot in the plot are 6- runs to span the f
dependence. 48 new runs.



Probabilities that remnant BH recoils in any direction from 
host structure (spins from SPH simulations of hot and cold 
accretion models) [Lousto+12]:

• 0.02% for galaxies with vesc  ~ 2500 km/s
• 5% for galaxies with vesc ~1000 km/s 
• 20% for galaxies with vesc ~500 km/s

For the hot case, there is a nontrivial probability of observing 
a recoil larger than 2000 km/s, but for cold disks, such recoils 
are suppressed.

Hangup kick probability distribu,on 
shiqed to higher recoil veloci,es

Par,al alignment of the spins by gas accre,on 
cannot inhibit large recoils as conjectured in 
[Bogdanovic+07), Dos+10)]

Spin distribu,on:

Mass distribution:

Feed this to recoil velocity formula 
and calculate  the recoil distribution (table).

29
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• Recoiling BHs can retain a massive accre;on disk. The disk will fuel a las;ng
QSO phase while the BH wanders far from the galac;c nucleus.
• There are rela;vely few observa;ons of kick candidates:

• HST image of a displaced SMBH in M87 [Batchelor et
al, ApJL 2010]; Kick due postmerger ot jet?

•More off-set nuclei 
[Barth et al. 2008]

• SDSS J0927 + 2943 [Komossa et al. 2008] 
- BLR (one set) shifted 2600 km/s; double picked NLR 
- Kick interpretation: blue system is kicked hole, with blue NLR due to 
expanding gas from edge of bound disk. Red NLR is in host galaxy ionized 
by kicked AGN.

•More double-peaked emitters [Bonning et al, 2007; SDSSJ1050 Shields et al, 
2009;  Civano et al, 2010]

• Alternative interpretations: binary BHs, unusual NLR properties
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M.Chiaberge et al. Astron.Astrophys. 600 (2017) A57 and its followup: Astrophys.J. 861 (2018) , 56
``The Recoiling Black Hole Candidate 3C 186: Spatially Resolved Quasar Feedback and Further Evidence of a Blueshifted Broad-line Region''



Spin magnitude and directions priors

Binary parameters for producing Vrecoil>2,000km/s

Remnant spin and radiated mass
(for the cold accreAon model)            è

é
Binary spins and mass raAo (q>1/4)
(displayed for the cold accreAon model)

33• Published in Astrophys.J. 841 (2017), L28





ü Case study 3C 186: z=1, 6x109Msun
• We have a fair idea of S1, S2, and q

(q > 1/4 and a > 0.8 compatible with obs.)
• NR waveform run for 20,000M 

(18 years! ~ a cycle per month)
• Amplitude of GW h ~ 10-14

• Need daily follow-ups of PT! 

35
But we got about a million years late to measure it.
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• 3rd release of the BBH public RIT catalog at http://ccrg.rit.edu/~RITCatalog.html
• 777 waveforms: 477 nonprecessing + 300 precessing. 1/5≤ 𝑞 ≤ 1, !

"! ≤ 0.95, ℓ ≤ 4

Precesssing Cases:

From: Healy and Lousto,
Phys.Rev.D 102 (2020), 104018 
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http://ccrg.rit.edu/~RITCatalog.html
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Shu perhaps a better spin variable for waveform modeling



• Nearly 200 simulations
• One hole spinning, 
• All orientations

(q>1 is the smaller one)
• "

#! = 0.8

40
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This approach had already proven very 
successful when applied to GW170104*.

(It required an homogeneous set of simulations 
since the differences in LnL are subtle).

*J. Healy et al., Phys. Rev. D97, 064027 (2018)
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We studied 13 BBH GW events of O1/O2 and found all intrinsic and extrinsic parameters
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477 aligned spins BBH analysis 300 precessing simulations analysis
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Marginalized likelihood as a function of eccentricity for our 600+ numerical relativity simulations 

V. Gayathri et al. e-Print: 2009.05461 [astro-ph.HE]
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Consistency of the cWB reconstruction of GW190521 with the numerical relativity simulations*



50V. Gayathri et al. e-Print: 2009.14247 [astro-ph.HE]
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ü We have developed a complete and independent method to analyze GW signals from BBH
with NR solutions to GR (Without resourcing to phenomenology)

ü Applied to O1/O2, and to O3+:
o Interesting sources to detect yet 

Ø Highly eccentric BBHs?
Ø Very highly spinning BHs (s > 0.9)
Ø Not comparable BBH mass ratios (q < 1/5-1/10)
Ø BH-NS systems (q ~ 1/7– 1/20)

v RIT Catalog3: Complete single spinning q’s; Complete aligned spins 0.95; down to q -> 1/15.
v RIT Catalog4: Will include 600+ eccentric waveforms, reaching over 1500 simulations.
v A collection of NR catalogs (RIT+SXS+GT+BAM+) can be used for even better coverage.
v Improved coverage and accuracy for 3G detectors and for LISA.
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• First full numerical simulation 100:1 for two orbits before merger
(Proof of principle):

• More recently, we studied the GW beaconing with precessing q=1/7, 
q=1/15 binaries and found excellent results with updated techniques 
and AMR grid:

• We will revisited the scenario of the nonspinning small mass ratio 
binaries as we did for up to q=1/10 in:

-> But we now push it to q=1/15, 1/32, 1/64, and 1/128



56
128:1 merger orbit and horizons curvature
Lousto & Healy, Phys.Rev.LeF. 125 (2020), 191102
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Consistency:

Speeds ~ q:
2.2M/h (q=1/15 with 8th order) on 8 
nodes (448 cores) in Frontera (TACC).
1.1 M/h (q=1/32), 
0.6M/h (q=1/64), 
0.32M/h (q=1/128)

Tmerger ~ (83.2M) eta-0.56 , eta=m1m2/m2
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Convergence:
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128:1 merger horizons (rescaled) Curvature K
Viz: Nicole Rosato.
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• We have passed all first accuracy tests up to q=1/128: 
ü Assessed errors ~2% from remnant and peak waveform 
ü Convergence and horizon-radiation consistency

• Adding spin to large black hole with same grid is straightforward
• Can still use speed ups for massive productions for applications to

• 3G GW detectors
• LISA for calibration of perturbative techniques


