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Two equal-mass 

black holes in central core 

of simplified galaxy

(up to 4 million particles)
a=0 . 6

Black Holes in Dense Black Holes in Dense 
Stellar Clusters:Stellar Clusters:
N-Body ProblemN-Body Problem
withwith
General RelativityGeneral Relativity
(Post-Newtonian)(Post-Newtonian)

Simulations of Binary Black HolesSimulations of Binary Black Holes  
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Spherical Systems:
BH binary stalls with N

Axisymmetric,
Rotating systems:
No stalling observed

Berczik, Merritt, Spurzem, 2005, ApJ
Berczik, Merritt, Spurzem, Bischof, 
                                          2006, ApJ
Berentzen, Preto, Berczik, Merritt,
         Spurzem, 2009, ApJ
Fiestas & Spurzem, 2010,11 MNRAS
Amaro-Seoane, ..., Sp, MNRAS 2010
Preto, Berentzen, Berczik,
       Spurzem et al. 2011
Khan et al. 2011a, b

Dynamics of Binary Black Holes in Galactic NucleiDynamics of Binary Black Holes in Galactic Nuclei



Merging of two “Galaxies” (Dehnen Models with Black Hole)

Preto,
Berczik, 
Berentzen, 
Spurzem, 
2011, ApJ
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Eccentricity
Matters
-
Preto, Berentzen,
Berczik, Spurzem,
2011, ApJ
Khan, Berentzen,
Berczik, Just,
Mayer, Nitadori,
Callegari, 2012, ApJ

Dynamics of Supermassive Single and Binary Black Holes in Galactic Nuclei

Figure on top: lower panel:
eccentricity when
supermassive binary black hole
(SMBH) becomes bound. 
Upper panel: 
eccentricity shortly before
Final relativistic merger. This
is important to predict
gravitational waveforms
correctly.

Figure below, from
Just, ... Berczik, 
Spurzem, ..., 2012, ApJ

The presence of an 
accretion disk near an 
SMBH enhances the 
mass growth rate of 
SMBH by factor 3. 

With disk

Without disk
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• Hemsendorf, Sigurdsson, Spurzem, 2002 , 
Astroph. Jl.

•  Cf. also Aarseth & Mikkola  (2003), Funato 
& Makino (2005), Makino et al. 1993, ...

• High Eccentricity if loss cone full!

Dynamics of Binary Black Holes in Galactic NucleiDynamics of Binary Black Holes in Galactic Nuclei
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Two approaches: 1. Quasi-Newtonian Source
                                compute far-field grav. radiation,
                                Einstein quadrupole formula, Landau-Lifschitz.
                                from energy loss compute orbital change

Pioneers: Peters & Mathews 1963, Peters 1964 Tyson & Giffard 1978

Post-Newtonian DynamicsPost-Newtonian Dynamics
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What happens? Use Post-Newtonian approximation...
       
                              (G. Schäfer, A. Gopakumar et al.)

Conservative (Hamiltonian) Terms, so-called PN 1,2,3....     
   (Perihel Shifts)
Dissipative Terms PN 2.5, 3.5    
   (Emission of Energy in gravitational waves, 
     emission of linear momentum in unequal mass case!)
Spin-Spin, Spin-Orbit-Couplings PN 1.0 + x …!
Schäfer, Gauge Theor. Grav. 36, 2223 (2004)
Memmesheimer, Gopakumar, Schäfer, Phys. Rev.D 70, 104011 (2004)

Hamiltonian

particle
acceleration
(Lagrangian)

We
use
now:
PN1
PN2
PN2.5
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Method A: use geodetic equations, harmonic gauge, directly obtain
                 eqs. of motion (Blanchet et al.) 
Method B: Hamiltonian approach using ADM gauge (Schaefer et al.)

A and B equivalent till PN2.5 (1/c**5), higher order gauge functions appear. 

Post-Newtonian DynamicsPost-Newtonian Dynamics

Perihel shift

 ... higher order...

Grav. Radiation 
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Kupi, Amaro-Seoane & Spurzem 2006

What happens afterwards? Post-Newton Order „2.5“...

Post-Newtonian DynamicsPost-Newtonian Dynamics
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Post-Newtonian 
Dynamics... and they merge! 

z

Berentzen, Preto, 
Berczik, Merritt,
Spurzem, 
2009, ApJ

f[Hz] = f_0 10 -13 (1/a)(-3/2)  
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Berentzen, Preto, 
Berczik, Merritt,
Spurzem
2009 (ApJ)
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Post-Newtonian DynamicsPost-Newtonian Dynamics

Comparison of Post-Newtonian and Newtonian Perturbative Forces
with Two-Body Newtonian...
Preto, Berentzen, Berczik, Merritt, Spurzem 2009,
7th LISA-Symposium, JPhCS
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Post-Newtonian DynamicsPost-Newtonian Dynamics
Brem, Amaro-Seoane,
Spurzem, 2013

Include
Spin-Orbit
Spin-Spin
PN3, PN3.5
Spin Dynamics

By Patrick Brem
(Diploma Thesis
Univ. Heidelberg)

1PN
2PN + 1.5PN SO
3PN + 2.5PN SO
2.5PN + 2PN SS
3.5PN
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Post-Post-
Newtonian Newtonian 
DynamicsDynamics

Gravitational Gravitational 
Wave Wave 

TemplatesTemplates

Handle spin-orbit and 
spin-spin coupling
 (P.Brem, R. Spurzem, 
Univ. Heidelberg) 
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Brem, Amaro-Seoane, 
Spurzem, MNRAS, 2013
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Pulsar TimingPulsar Timing

• Pulsars discovered in Galactic Census also
  provide network of arms of a huge
  cosmic gravitational wave detector

• Perturbation in
  space-time can be
  detected in timing
  residuals

• Sensitivity: dimensionless strain

hc( f )~
σTOA

T

Pulsar
  Timing
      Array

PTA:

Slide by: M. Kramer
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From Pitkin et al., Living Reviews 14 (2011) 5, Grav. Wave Detection...
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GW background from 
inspiraling MBH binaries
in hierarchical galaxy 
evolution scenario; 
square of charact. strain
as function of frequency
for different black hole 
masses; current pulsar
timing limit indicated: x

NOTE: for this work
circular orbits assumed.

From: Sesana, Volonteri,
Haardt, Madau 2004 and
2005

x

current pulsar timing
limit                   ↓

LISA sensitivity
curve

←stellar dynamical
hardening

GW reaction
hardening →

    Gravity WavesGravity Waves
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Volonteri et al. 2003

Assumptions:
Every Galaxy has a Black Hole...
Simple Ideas for dynamical 
Friction and Merger timescales
Of Binary Black Holes...
...
There are 
Triple-Black Holes!
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Galactic Nuclei, Black HolesGalactic Nuclei, Black Holes
Left: Triple initially coplanar
Bottom: Triple initially nonplanar

We see hierarchical triples,
chaotic three-body, 
binary plus single...
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Resonant Triple
Black Hole Dynamics

(Newtonian)

Hao et al. 2014 in prep.
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 Amaro-Seoane, Sesana, Hoffman, Benacquista, Eichhorn, Makino, Spurzem, MNRAS 402, 
2308 (2010)

Triplets of supermassive black holes: Astrophysics, Gravitational Waves and 
Detection:
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 Amaro-Seoane, Sesana, Hoffman, Benacquista, Eichhorn, Makino, Spurzem, MNRAS 402, 
2308 (2010)

Triplets of supermassive black holes: Astrophysics, Gravitational Waves and 
Detection:
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SummarySummary

Gravitational Wave Sources: Time Varying Quadrupole Moment
                                              Binary Black Holes / Neutron Stars
                                              Asymmetric Collapse of Supernova Cores

Current Observation Technique: Laser Interferometry
                                                   Ground Based High Frequency (1-1000 Hz)
                                                   Space Based Low Frequency (future?)

                                                   Pulsar Timing Arrays (ultra low frequency)

                                                   Indirect: Binary Pulsars, Supernovae

Multi-Messenger Observations (future): GW observation triggers EM
                                                   GW = gravitational wave
                                                   EM = electromagnetic
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