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Time-domain 2+1 Teukolsky equation
• Scalar case under control [Krivan+ 1996; Scheel+ 2004; Lehner+ 

2004; Dorband+ 2006; Gleiser+ 2008; Tiglio+ 2008;  Zenginoglu&Kidder 
2010; Zenginoglu+ 2009; Jasiulek 2012; Racz&Toth 2012; ...] 

• Gravitational case (|S|=2) only [Krivan+ 1996,1997]                       
(used in [Lopez-Aleman+ 2003, Khanna 2004, Pazos-Avalos&Lousto 2005])

• Time-domain wanted/efficient for specific problems, e.g.

‣ Tails

‣ Particle sources and generic orbits

‣ Large-mass-ratio mergers (our BBH Lab...)

• This talk based on:
[Harms, SB, Bruegmann 2013]

[Harms, SB, Nagar, Zenginoglu 2014]
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Large-q BBH Lab: EOB + GWs

• Hamiltonian (geodesic) dynamics

• Linear inνRadiation Reaction 
(EOB resum waveform)

[Damour+ 2008; Fujita&Iyer 2010; Pan+ 2011] 

[Nagar+ 2007, Damour&Nagar 2008]
q =

M

µ
� ��1
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Large-q BBH Lab: EOB + GWs

• Hamiltonian (geodesic) dynamics

• Linear inνRadiation Reaction 
(EOB resum waveform)

[Damour+ 2008; Fujita&Iyer 2010; Pan+ 2011] 

[Nagar+ 2007, Damour&Nagar 2008]

• GW generation algorithm 
(RWZ/Teukolsky)

• Point-particle sources

q =
M

µ
� ��1



Nonrotating background results

max A�m � em�2�

Horizon absorption 
[Nagar&Ackay 2012; SB+2012]

EOB waveform
[SB+ 2010, Damour+ 2012]

Gravitational recoil
[SB&Nagar 2010, Nagar 2014]

Merger multipolar structure 
[SB&Nagar 2010]



Nonrotating background results

max A�m � em�2�

Horizon absorption 
[Nagar&Ackay 2012; SB+2012]

EOB waveform
[SB+ 2010, Damour+ 2012]

Gravitational recoil
[SB&Nagar 2010, Nagar 2014]

Merger multipolar structure 
[SB&Nagar 2010]A simple “test-mass LAB” to study BBH merger physics 

extremely useful for analytical modeling

Want to extend to spinning background !

(parallel work [Barausse+ 2012] different prescriptions for 
EOB RR and Teukolsky solver)



Hyperboloidal Horizon-penetrating coords
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Kerr tails [Harms+ 2013]

• Axisym/nonaxisym tails for various spin fields (incl. s=-2) @ scri and H
• Local power index (LPI) analysis
• Analytics [Barack 1999,2000; Hod 2000; Poisson 2002]
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Kerr tails [Harms+ 2013]

• Axisym/nonaxisym tails for various spin fields (incl. s=-2) @ scri and H
• Local power index (LPI) analysis
• Analytics [Barack 1999,2000; Hod 2000; Poisson 2002]
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Mode mixing (rotation)
ID/coordinates dependency

Extraction radius dependency
LPI splitting

Empirical formulas
Extend to |s|=2, |s|=1/Confirm S=0 results, e.g.

[Krivan+ 1996,1997; Scheel+ 2004; Gleiser+ 2008;Tiglio+ 2008; 
Burko&Khanna 2003,2009,2011; Zenginoglu+ 2009; Jasiulek 2012; Racz&Toth 2012]
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Extreme Kerr tails

• oscillatory slowly-damped behaviour [Yang+ 2013]

• a=1 scri ~1/T [Andersson&Glampedakis 2001, Yang+ 2013]

• a=1horizon instability ? [Aretakis 2012; Lucietti&Reall 2012]
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EOB “insplunge” trajectories
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Multipolar amplitudes
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QNM excitation

QNM “interference” [SB&Nagar 2010; Barausse+ 2012; Taracchini+ 2014]



a→-1 QNM negative frequencies (also [Taracchini+ 2014] )
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Flux consistency

RR: [Damour+ 2008; Fujita&Iyer 2010; Pan+ 2011] 
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Flux consistency

High-PN information exist! [Fujita 2012; Shah 2014] 

Need to include in the resummed waveform

RR: [Damour+ 2008; Fujita&Iyer 2010; Pan+ 2011] 
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EOB dynamics

EOB dynamics with fit

self-consistent dynamics without horizon absorption

completely self-consistent dynamics

∆Ngw = 35,7,5



• Accurate solver 2+1 gravitational (curvature) perturbation

• Key technical point: hyperboloidal coordinates

• Kerr tails for generic spin perturbation 

• Large-q BBH Lab:

‣ Multipolar amplitudes and QNMs excitation

‣ Performances EOB resummed fluxes

‣ Horizon-absorbed fluxes (not in this talk)

‣ Waveforms extrapolation (not in this talk)

‣ Delta discretization (not in this talk)

Summary



Gravitational Recoil

f̂(�) = f(�)/�2 = A
⇥

1� 4�(1 + B�)

with Jena data [Gonzales+ 07,09]

Reference |vend|/�2

Damour and Gopakumar [0.010, 0.035]
Schnittman and Buonanno [0.018, 0.041]
Sopuerta et al. [0.023, 0.046]
Le Tiec, Blanchet and Will 0.032
González et al. 0.04
Sundararajan et al. 0.044
This work 0.0446

� |vend|/�2 |vmax|/�2

10�2 0.043234 0.050547
10�3 0.044401 0.052058
10�4 0.044587 0.052298
0 0.0446 0.0523

[SB&Nagar 2010]



[Nagar 2013]



Horizon absorption (no spin)

• Dynamics: resummed horizon-absorbed fluxes [Nagar&Akcay 2012]
• Consistency analytical / RWZ absorbed flux beyond LSO
• Significant dephasing, but not relevant for detection 
• LO (non-resum) PN flux underestimate effect (< /2)



Horizon absorption (spin)
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Formalism: [Poisson 2004]
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Waveform extrapolation
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