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  (q,S1,S2)	
  
	
  	
  	
  	
  	
  	
  Vf	
  (q,S1,S2)	
  

	
  We	
  developed	
  phenomenological	
  expansions	
  based	
  on	
  a	
  	
  (4th	
  order)	
  Taylor	
  expansion	
  	
  
in	
  terms	
  of	
  variables	
  q,	
  S1,	
  S2	
  but	
  restricted	
  to	
  Parity	
  and	
  exchange	
  1çè2	
  symmetries.	
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•  61	
  New	
  aligned	
  spin	
  simula1ons	
  +	
  
10	
  new	
  nonspinning	
  

•  1/3	
  ≤	
  q	
  ≤	
  1	
  and	
  	
  -­‐0.85	
  ≤	
  ai	
  ≤+0.85	
  
for	
  the	
  spinning	
  cases	
  

•  1/6	
  ≤	
  q	
  <	
  1	
  for	
  the	
  nonspinning	
  
•  Runs	
  give	
  8-­‐10	
  orbits	
  prior	
  to	
  

merger	
  at	
  e≈10-­‐3	
  

•  This	
  is	
  in	
  addi1on	
  to	
  the	
  36	
  runs	
  
we	
  did	
  in	
  2014	
  

	
  
•  Those	
  two	
  sets	
  of	
  runs	
  will	
  form	
  

the	
  core	
  of	
  the	
  new	
  RIT	
  waveform	
  
catalog	
  soon	
  to	
  be	
  public.	
  

•  Key:	
  Black	
  (2014),	
  Blue	
  (2016)	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  Grey	
  (by	
  symmetry).	
  



RIT Catalog of  NR waveforms  by Healy et al. arXiv:1703.03423 ,  
Adding to the SXS and GaTech catalogs  

NR/LSC teams assembled 
more than a thousand NR 

waveforms, now fully 
integrated in LIGO 

Algorithm Library (LAL) 
 

This can be used to 
directly estimate 

parameters of  BBHs from 
NR without the use of  
models: Abbot et al. 
arXiv:1606.01262 
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where	
   and	
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Note	
  that	
  the	
  two	
  formulas,	
  for	
  the	
  the	
  final	
  	
  mass	
  and	
  final	
  	
  spin	
  impose	
  the	
  par$cle	
  limit	
  
through	
  their	
  ISCO	
  contribu1ons.	
  
	
  
The	
  use	
  of	
  final	
  horizon	
  measures	
  for	
  the	
  final	
  mass	
  and	
  spins	
  greatly	
  increases	
  the	
  accuracy	
  	
  
(by	
  1-­‐2	
  orders	
  of	
  magnitude)	
  wrt	
  radia1on	
  measures	
  and	
  is	
  completely	
  consistent	
  with	
  them.	
  



7	
  

We	
  fit	
  19+19	
  coefficients	
  above	
  to	
  175	
  of	
  ours	
  and	
  SXS	
  simula1ons	
  
and	
  compare	
  the	
  new	
  (V2)	
  to	
  the	
  old	
  (V1)	
  fits	
  	
  

Final	
  mass	
  and	
  spin	
  modeling	
  for	
  nonprecessing	
  binaries	
  are	
  already	
  very	
  good!	
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Similar	
  expansions	
  can	
  be	
  carried	
  out	
  for	
  the	
  peak	
  strain	
  h,	
  News,	
  Ψ4,	
  	
  
and	
  their	
  corresponding	
  peak	
  frequencies	
  ωpeak	
  .	
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We	
  fit	
  17+19	
  coefficients	
  above	
  to	
  	
  ours	
  107	
  simula1ons	
  
and	
  compare	
  the	
  new	
  (V2)	
  to	
  the	
  old	
  (V1)	
  fits	
  	
  

These	
  represents	
  correc1ons	
  of	
  a	
  few	
  percent	
  since	
  they	
  are	
  measured	
  directly	
  from	
  radia1on	
  waveforms.	
  
If	
  one	
  wants	
  to	
  improve	
  upon	
  this	
  accuracy,	
  one	
  needs	
  higher	
  resolu1on	
  simula1ons.	
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•  We	
  have	
  fifng	
  formulae	
  to	
  predict	
  the	
  final	
  proper1es	
  of	
  the	
  merger	
  of	
  two	
  black	
  holes	
  
the	
  errors	
  in	
  the	
  final	
  mass	
  and	
  spin	
  are	
  ≈	
  0.1	
  –	
  0.2	
  %	
  
the	
  errors	
  in	
  the	
  recoil	
  velocity	
  and	
  peak	
  luminosity	
  are	
  ≈	
  5%	
  
	
  

•  The	
  fifngs	
  produce	
  a	
  maximum	
  radiated	
  energy	
  of	
  above	
  11.3%	
  
Mrem(1,1,1)=0.8867,	
  while	
  M(1,-­‐1,-­‐1)=0.968	
  
	
  

•  For	
  equal	
  mass	
  binaries	
  αf(1,1,1)=0.951,	
  αf(1,-­‐1,-­‐1)=0.358	
  
	
  

•  The	
  maximum	
  recoil	
  occurs	
  for	
  q≈2/3	
  at	
  Vmax(2/3,+1,-­‐1)=516	
  km/s	
  

•  Those	
  studies	
  made	
  use	
  of	
  models	
  up	
  to	
  l≤6,	
  	
  
extrapola1on	
  to	
  infinite	
  observer,	
  
and	
  weighted	
  the	
  fifng	
  from	
  the	
  case	
  studies	
  of	
  three	
  finite	
  difference	
  resolu1ons.	
  

•  These	
  well	
  calibrated	
  aligned	
  spin	
  formula	
  are	
  used	
  for	
  the	
  nonprecessing	
  extension.	
  
	
  

•  One	
  can	
  also	
  look	
  at	
  hints	
  of	
  resumma1on	
  by	
  Padé	
  approximants	
  	
  
(In	
  fact	
  already	
  alterna1vely	
  used	
  for	
  modeling	
  recoils	
  and	
  final	
  masses).	
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•  14	
  nonspinning	
  BBH	
  simula1ons	
  
•  1/100	
  ≤	
  q=m1/m2	
  ≤	
  1	
  
3	
  resolu1ons	
  for	
  Richardson	
  extrapola1on	
  
	
   	
  N100,	
  N120,	
  N140	
  for	
  q	
  ≤	
  1/6	
  
	
   	
  N100,	
  N144,	
  and	
  N173	
  for	
  q	
  	
  =	
  1=	
  10,	
  	
  

	
  N144,	
  N173,	
  and	
  N207	
  for	
  q	
  	
  =	
  1=	
  15,	
  
	
   	
  N100,	
  N144,	
  and	
  N207	
  for	
  q	
  	
  =	
  1=	
  100.	
  
•  Perturba1ve	
  extrapola1on	
  to	
  infinite	
  

observer	
  loca1on	
  
•  Added	
  up	
  to	
  l≤6	
  modes	
  
	
  
To	
  improve	
  on	
  these	
  3	
  main	
  sources	
  of	
  error	
  

J.Healy,	
  C.O.Lousto,	
  Y.Zlochower,	
  arXiv:1705.07034	
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Mfinal/M=M0+M2	
  δm2+M4	
  δm4+Ο(δm6),	
  with	
  M0,	
  M2,	
  M4,	
  fifng	
  parameters	
  
	
  
But	
  we	
  know	
  that	
  in	
  the	
  par1cle	
  limit	
  

•  mfinal=mini1al=M	
  
•  η	
  (EISCO/M-­‐1)	
  is	
  the	
  energy	
  radiated	
  from	
  ∞	
  

•  Comparable	
  mass	
  radia1ve	
  terms	
  Erad~	
  η2	
  

In	
  the	
  par1cle	
  limit	
  Mfinal/M=1	
  and	
  δm2	
  è1	
  and	
  by	
  adding	
  a	
  δm6-­‐term	
  we	
  can	
  impose	
  this	
  
condi1on	
  
Mfinal/M=M0+M2	
  δm2+M4	
  δm4+M6	
  δm6	
  to	
  determine	
  M6=1-­‐M0-­‐M2-­‐M4	
  	
  
what	
  allow	
  to	
  rewrite	
  
Mfinal/M=(1-­‐δm2)(M0+M2	
  δm2+M4	
  δm4)+	
  δm6	
  	
  with	
  (1-­‐δm2)=4η	
  	
  
Applying	
  the	
  same	
  technique,	
  now	
  for	
  the	
  linear	
  term	
  in	
  η	
  we	
  can	
  impose	
  η	
  (EISCO/m-­‐1)	
  	
  
And	
  obtain	
  Mfinal/M=(4η)2(M0+M2	
  δm2+M4	
  δm4)+	
  [1+η	
  (EISCO/m+11)	
  ]	
  δm6	
  
	
  
A	
  similar	
  reasoning	
  for	
  the	
  final	
  spin	
  leads	
  to	
  
Sfinal/Mfinal

2=(4η)2(L0+L2	
  δm2+L4	
  δm4+	
  [η	
  JISCO/m2]	
  δm6)	
  ,	
  
With	
  L0,	
  L2,	
  L4,	
  fifng	
  parameters.	
  
	
  
Lpeak,	
  ωpeak,	
  hpeak,	
  etc	
  all	
  follow	
  analogous	
  expansions	
  to	
  Mfinal	
  .	
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•  The	
  par1cle	
  limit	
  represents	
  a	
  test	
  and	
  a	
  poten1al	
  improvement	
  for	
  remnant	
  formulae	
  
•  If	
  we	
  have	
  an	
  expression	
  for	
  the	
  par1cle	
  limit	
  we	
  can	
  readily	
  and	
  effec1vely	
  	
  

incorporate	
  in	
  our	
  formulae	
  with	
  clear	
  benefits,	
  as	
  for	
  mfinal	
  and	
  Sfinal	
  .	
  
•  NR	
  simula1ons	
  can	
  also	
  accurately	
  extrapolate	
  from	
  the	
  comparable	
  mass	
  limit	
  and	
  	
  

make	
  predic1ons	
  of	
  what	
  the	
  perturba1ve,	
  semi-­‐analy1c	
  computa1ons	
  should	
  produce.	
  
•  Concrete	
  examples	
  of	
  high	
  accurate	
  computa1ons	
  are	
  the	
  final	
  mass	
  and	
  spin,	
  

but	
  the	
  computa1on	
  of	
  recoil	
  veloci1es,	
  peak	
  luminosity	
  and	
  peak	
  	
  frequencies	
  	
  
would	
  highly	
  benefit	
  of	
  perturba1ve	
  computa1ons.	
  

•  In	
  par1cular,	
  the	
  peak	
  frequency	
  can	
  take	
  also	
  an	
  addi1onal	
  η–correc1on.	
  
•  Should	
  we	
  rerun	
  q=1/100?	
  
•  A	
  predicted	
  hpeak	
  -­‐	
  ωpeak	
  	
  can	
  be	
  used	
  as	
  a	
  test	
  of	
  GR	
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From	
  appendices	
  in	
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