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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 

Gravitational Radiation  Recoil	





Kicks: non-spinning black-hole binaries	


•  Maximum non-spinning binary kick ~178 km/s  
   for mass ratio  q ≈ 0.36 [Gonzalez et al, 2006]  

•   Good agreement with Fitchett’s formula  
   [Fitchett 1983, Fitchett & Detweiler 1984]: 

  (Newtonian physics plus dissipation by GWs) 

•  Now, up to mass ratio 1:10 [Gonzalez et al, 2007]  

•   NR calculation of radiated linear momentum     
    [Campanelli & Lousto, 1999]: 



SP6: q = 0.5, a1= 0.885, a2 = 0 

Large merger recoils from precessing quasi-circular binaries	


Generic binary displaying significant precession of spin axis is observed to 
produce a large recoil kick at merger [Campanelli et al, APJ Lett 2007] 
	



Maximum kick configuration: equal-mass circular binaries with opposite 
in-plane spins produce large out-of-plane kicks	



•  Following: 
   [Gonzalez et al, Phys. Rev. Lett, 2007] calculate kick of 2500 km/s 
   [Campanelli et al, Phys. Rev. Lett, 2007] predicts kicks up to 4000 km/s  
   [Dain, et al, Phys. Rev. D 2008] calculate 3300 km/s for nearly maximal spins 

“… the spin component to the recoil 
velocity may produce the leading 

contribution. This is suggested by the fact 
that the z-component of the recoil, which 
is not present for non-spinning binaries, is 

the dominant component …” 



•  Spin-­‐orbit	
  coupling	
  effects	
  can	
  lead	
  to	
  very	
  large	
  kick	
  
veloci0es	
  (superkicks)	
  for	
  equal-­‐mass	
  BBH,	
  in-­‐plane	
  
BH	
  spins	
  [Campanelli+07a,b,	
  ]	
  

	
  
•  Recoil	
  velocity	
  depends	
  sinusoidally	
  on	
  the	
  ini0al	
  

phase	
  of	
  the	
  binary,	
  and	
  linearly	
  (at	
  leading	
  order)	
  on	
  
the	
  spin	
  magnitude	
  :	
  	
  	
  

bobbing	
  of	
  the	
  orbit	
  

The	
  Superkick	
  Configura0ons	
  



Superkick	
  Configura:on	
  



An	
  empirical	
  Formula	
  for	
  the	
  merger	
  kick	
  
Empirical formula [Campanelli et al ‘07] for the radiation recoil of generic binary black-hole 
mergers originally motivated by PN instantaneous radiated momentum dependence [Kidder 1995]   

in-plane kick < 175 km/s  [Fitchett ‘83, Gonzalez et al 07]	


	


in-plane kick < 500 km/s [Baker et al 07, Hermann et al ‘07, 
Koppitz et al ’07]. See [Pollney et al 2007] for quadratic 
corrections in the spins. Also, work in progress by RIT … ���
���
	



out-of-plane kick < 4,000 km/s  [Campanelli 
et al 07, Lousto et al ’08]. 	



•  ξ angle between unequal-mass and spin contributions to recoil in the orbital plane  
•  Θ angle between in-plane                                                              and infall direction at merger 



BH	
  Kicks	
  as	
  Post-­‐Merger	
  Signatures	
  
	
  	
  

• 	
  Recoiling	
  BHs	
  can	
  retain	
  a	
  massive	
  accre0on	
  disk.	
  The	
  disk	
  will	
  fuel	
  a	
  las0ng	
  
	
  	
  	
  QSO	
  phase	
  while	
  the	
  BH	
  wanders	
  far	
  from	
  the	
  galac0c	
  nucleus.	
  
	
  
• 	
  There	
  are	
  rela0vely	
  few	
  observa0ons	
  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)	
  shided	
  2600	
  km/s;	
  double	
  picked	
  NLR	
  	
  
- 	
  Kick	
  interpreta0on:	
  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	
  emijers	
  [Bonning	
  et	
  al,	
  2007;	
  SDSSJ1050	
  Shields	
  et	
  al,	
  2009;	
  
	
  	
  Civano	
  et	
  al,	
  2010]	
  
	
  
• 	
  Alterna0ve	
  interpreta0ons:	
  binary	
  BHs,	
  unusual	
  NLR	
  proper0es	
  



N-­‐body/SPH	
  simula0ons	
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Spin	
  distribu0ons	
  for	
  hot	
  &	
  cold	
  accre0on	
  disks	
  



Hangup	
  Recoils	
  

•  When	
  spins	
  are	
  aligned	
  with	
  L,	
  repulsive	
  spin-­‐
orbit	
  coupling	
  delays	
  the	
  merger	
  (orbital-­‐
hangup	
  effect),	
  maximizing	
  the	
  amplitude	
  of	
  
gravita0onal	
  radia0on	
  (up	
  to	
  10%)	
  	
  
[Campanelli+	
  06].	
  

Peak	
  occurs	
  at	
  
5000	
  km/s	
  in	
  the	
  
case	
  of	
  nearly	
  
aligned	
  spins	
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New	
  kick	
  formula	
  with	
  	
  
higher	
  order	
  spin	
  terms	
  	
  

•  Combined	
  with	
  the	
  superkick	
  effect	
  (which	
  
maximizes	
  the	
  asymmetry	
  of	
  momentum	
  
radiated),	
  this	
  leads	
  to	
  very	
  large	
  recoils	
  
[Lousto	
  &	
  Zlochower	
  11].	
  

Three	
  parameters	
  family	
  of	
  ini0al	
  configura0ons	
  depending	
  of	
  φ,	
  θ,	
  
and	
  spin	
  magnitude,	
  a.	
  Each	
  dot	
  in	
  the	
  plot	
  are	
  6-­‐	
  runs	
  to	
  span	
  the	
  φ	
  
dependence.	
  48	
  new	
  runs.	
  



Hangup Kick (Left) and Radiated Power (Right) 
[Lousto & Zlochower PRL,2011, visualization by H.P. Bischof] 

Hangup	
  Kicks:	
  The	
  Movie	
  



Probabili0es	
  to	
  Observe	
  Large	
  Recoils	
  

Probabili0es	
  that	
  remnant	
  BH	
  recoils	
  in	
  any	
  direc0on	
  
from	
  host	
  structure	
  (spins	
  from	
  SPH	
  simula0ons	
  of	
  
hot	
  and	
  cold	
  accre0on	
  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	
  distribu0on	
  	
  
shided	
  to	
  higher	
  recoil	
  veloci0es	
  

Par0al	
  alignment	
  of	
  the	
  spins	
  by	
  gas	
  
accre0on	
  cannot	
  inhibit	
  large	
  recoils	
  as	
  
conjectured	
  in	
  [Bogdanovic+07),	
  DoK
+10)]	
  

Spin	
  distribu0on:	
  

Mass	
  distribu0on:	
  

Feed	
  this	
  to	
  recoil	
  velocity	
  formula	
  	
  
and	
  calculate	
  	
  the	
  recoil	
  distribu0on	
  (table).	
  



Angular	
  distribu0on	
  of	
  
recoils	
  



New	
  precessing	
  configura0ons	
  

52	
  hangup	
  runs	
  

58	
  New	
  runs	
  to	
  model	
  
The	
  cross-­‐kick	
  term	
  



NEW:	
  Precessing	
  BH	
  Binaries	
  

Largest	
  component	
  (by	
  factor	
  10)	
  is	
  along	
  L	
  

<	
  -­‐	
  hangup	
  

<	
  -­‐	
  cross	
  



New	
  precessing	
  configura0ons	
  

Runs	
  to	
  verify	
  the	
  cross-­‐kick	
  fit	
  
6	
  S-­‐runs	
  
12	
  K-­‐runs	
  
6	
  L-­‐runs	
  
6-­‐higher	
  spin	
  N	
  runs	
  



Predicted	
  vs	
  computed	
  



NEW:	
  Precessing	
  BH	
  Binaries	
  

Lousto	
  &	
  Zlochower	
  (2012):	
  88-­‐New	
  precessing	
  BHB	
  runs	
  add	
  a	
  cross-­‐kick	
  term.	
  
Nonlineari0es	
  in	
  the	
  spins	
  are	
  very	
  important!	
  

For	
  q~1/4	
  gives	
  25%	
  increase	
  in	
  recoil	
  velocity	
  	
  
and	
  a	
  factor	
  2	
  in	
  the	
  probability	
  of	
  v	
  >	
  2000	
  km/s.	
  
	
  
This	
  new	
  effect	
  is	
  also	
  enhanced	
  at	
  higher	
  
Spin	
  alignment	
  with	
  orbital	
  angular	
  momentum.	
  
	
  
It	
  also	
  confirms	
  the	
  hangup	
  kick	
  for	
  precessing	
  BHB	
  



Discussion	
  

•  Non-­‐linear	
  dependence	
  on	
  the	
  spin	
  is	
  important.	
  	
  
Recoils	
  are	
  generated	
  in	
  the	
  highly	
  general	
  rela0vis0c	
  regime	
  with	
  BHs	
  merge.	
  

•  The	
  new	
  correc0ng	
  terms	
  for	
  the	
  recoil	
  formula	
  have	
  been	
  modeled	
  and	
  tested	
  
with	
  52	
  hangup	
  and	
  88	
  precessing	
  new	
  runs	
  =	
  130	
  new	
  runs.	
  

•  More	
  simula0ons	
  needed	
  to	
  verify	
  the	
  massra0o	
  dependence	
  (surprises	
  here?).	
  
•  Recoiling	
  black	
  holes	
  through	
  accre0on	
  disks	
  have	
  observa0onal	
  effects	
  

are	
  very	
  anysotropic,	
  highly	
  peaked	
  along	
  orbital	
  L.	
  
•  Other	
  observa0onal	
  effects:	
  Core	
  displacement,	
  star	
  velocity	
  field.	
  
•  Blecha’s	
  talk!	
  
•  Recoil	
  may	
  explain	
  the	
  lack	
  of	
  IMBH	
  in	
  globular	
  clusters	
  and	
  difficulty	
  in	
  growing	
  IMBH	
  
•  Relevant	
  for	
  Mseeds	
  and	
  growing	
  of	
  structure	
  in	
  Universe	
  
•  Other	
  observa0onal	
  effects	
  like	
  the	
  0dal	
  disrup0on	
  of	
  an	
  star	
  field	
  by	
  a	
  passing	
  BH	
  
•  Contribu0on	
  to	
  Baryonic	
  DM?	
  	
  
•  Spin	
  alignment	
  by	
  accre0on	
  leads	
  to	
  hangup	
  configura0on	
  that	
  may	
  radiate	
  up	
  	
  

to	
  11%	
  of	
  total	
  mass	
  making	
  the	
  BH	
  merger	
  the	
  most	
  energe0c	
  event	
  in	
  the	
  Universe	
  
by	
  far	
  (by	
  many	
  orders	
  of	
  magnitude!).	
  


