Precessing NR simulations

Harald Pfeiffer, CITA

ICTS Program on Numerical Relativity
ICTS/TIFR Bengaluru
June 26,2013

Thursday, June 27, 13



Today’s goal:

** How does one compute these!?

* Where are we in terms of

parameter space exploration!?
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Special feature

per Sathya’s request
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Spinning NR-AR comparison

&

CITA-ICAT

< SpinTaylorT4 w/ 2.5 PN spin and WRONG X>=+-0.5
® Thanks, Ajith!
“** Numerical Relativity: q=8, X1=-0.5/0/+0.5. X2=0
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q=8 spinning PN-NR comparison @

CITA-ICAT

< PRELIMINARY: COMPARISON PERFORMED THIS MORNING

** Procedure
® Extract p(t) from time-domain waveform

haa(t) = A(t) exp(—ig(t))

e Compute frequency

 Eliminate time t, to yield

P(w)
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PRELIMINARY RESULTS Ry

CITA-ICAT
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Background NR
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SXS collaboration @

CITA-ICAT

Simulation of eXtreme Spacetimes

* Goal: Simulate compact object binaries
to satisfy LIGO’s data-analysis needs

e Cornell, Caltech, CITA,WashU, Fullerton, Oberlin

* Work presented here involves:

Numerics: L. Buchman!, T. Chu?, L. Kidder3, S. Lau*, G. Lovelace>,
A. Mroue?, S. Ossokine?, R. Owen®, M. Scheel!,
B. Szilagyi', N. Taylor!, S. Teukolsky?

Analysis: M. Boyle?, D. Brown’, A. Buonanno?, I. MacDonald',
S. Nissanke!,Y. Pan8, A.Taracchini®

| Caltech, 2 CITA, 3 Cornell, 4 Albuquerque, 5 Fullerton,
6 Oberlin, 7 Syracuse, 8 Maryland
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Techniques |: Generalized Harmonic

@ Einstein’s equations

1

0 = Rap[9ab] = —509ap + V(al p)+lower order terms,

2

@ Generalized harmonic coordinates ga»x° = Ha(x2, gap)
(Friedrich 1985, Pretorius 2005; H = 0 used since 1920's)

= Constraint C; = Ha — gap

Jap = lower order terms.

x =0

@ Constraint damping (Gundlach, et al., Pretorius, 2005)

é)t Ca N - "\/ Ca -

I_a = —Jab

1
9ab =7 |{aCp) — 5 gapt®Cc| + lower order terms
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ll. Boundary conditions

< Constraint preserving

“* Nearly transparent to
outgoing radiation

Lindblom, Scheel,
Kidder, Owen, Rinne
2006

Harald Pfeiffer
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l1l: Spectral methods @

CITA-ICAT

“* Expand in basis-functions,
solve for coefficients

N
Z )P (x

“* Compute derivatives analytically

Spectral

Finite differences

=2 U@ il

o—©
| ]
< Compute nonlinearities in louo
physical space
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Why spectral methods?

&

CITA-ICAT

“** Smooth solutions = exponential convergence

S,
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| Finite Difference Methods_

Spectral

|
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HP et al, 2002

] l
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... but more difficult than finite differences
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IV: Domain-decomposition @

CITA-ICAT

Spectral Einstein Code SpEC (Caltech-Cornell-CITA)
http://www.black-holes.org/SpEC.html
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CITA-ICAT

=
O

Domain-decomposi

IV

Spectral E\i'hstein Code SpEC (Caltech-CbrneII-CITA)
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IV: Domain-decomposition

Harald Pfeiffer
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Sectral Einstein Code SPEC (Caltech-CorneII-CTA)
http://www.black-holes.org/SpEC.html
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V. Solve constraints @

CITA-ICAT

* Spins above ~0.8 ... 0.9 require special techniques

0 = V- SRy — KM + Sy A Ay, HP ea 02,03
¥ & o Cook, HP 03, 04
O:V( 2(c zp)(w) )_§¢VK Lovelace ea 08
W’ 4]
3 v( TR ) (37h)
0 = Fat) — (@) + Ky + gAYy
+ ¢5(3tK—,8k6kK), (37c)
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VI. Define Spin

@ |n axisymmetry anglar momentum
rigourously defined e.g. via the
Hamiltonian that generates the rotation
(Brown &York, 1993; isolated/dynamical horizon

framework)

1 gy
= 8’/T % (K,j g,'jK) (DISI dA

@ ¢’ rotational Killing vector
s’ unit-normal to S in &
gj metric in =
Kj; extrinsic curvature of > in M

@ S sphere at oo = ADM angular
momentum

@ S 2-sphere at finite distance = quasi-

local spin
Harald Pfeiffer ICTS @ Bangalore Jun 21,2013
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Spin in non-axisymmetric spacetimes @

CITA-ICAT

@ Would like to define “spin” in absence of axisymmetry.
@ Choose “approximate Killing vector” ¢'; evaluate

1 v
5 (Ki— giK) 9’/ dA

L

Jp =

@ Q: How to choose ¢'?

» ¢' coordinate rotation, ¢ = x&, — y&,
(depends on coordinate system)

» Integrate Killing transport equation (Dreyer et al, 2003)
(depends on integration path; ¢’ not smooth)

» A variational approach
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Variational approx. Killing vectors Cook & Whiting 07

i ' | ) 07
® Require Dag¢” = 0 = ¢* = eA59pz for some potential z LoV\::II;ce Chu, HP
(A, B: coordinates within S, D4 derivative within S) Owen 08’ S

@ Minimize functional

T~ § (Dude)(D46P) dA+ ) ( § oach dA - N)
S JS

@ Results in generalized Eigenvalue problem

(D? +2R) D°z + (DA°R)D"z = AD?z

® Spectral expansion z(6, ¢) = "1 32 <A™ Yim(6, ¢) results in
matrix-equation for coefficients A"

i M/m//m/A/ m" _ /\N/ml’m’A/ m
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Example @

@ The three smallest eigenvalues correspond to rotations

CITA-ICAT
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VIl Control BH properties

* Fix BH-distance, Omega, radial velocity

* Iteratively solve the initial-value problem, to adjust

® black hole masses (2 DoF)
® black hole spins (6 DoF)
® center of rotation (2 DoF)

Buchman, HP. Scheel,
Szilagyi 1206.3015

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013

residual

resolution

&
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|

G-© g=6, no spin

G-8 g=2, z=(.2. 3 .4).7’2=(-.4.0.0)

iteration number k
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VIII Control orbital eccentricity

< Initial data parameters
orbital eccentricity anc

(29, v, (or Pt,Pr) determine
phase at periastron

&

CITA-ICAT

% Unique values
for zero eccentricity

I

Harald Pfeiffer

ICTS @ Bangalore Jun 21,2013

0.001  ds/dt N |
/| = Z0.0008
0k ' // — e;\().OOOOS -
0.001 Ht——— “7, _ \_ e
\ \
0.003 \\‘ S \ .
N2 |
T s “Tdbo
t/IWADM
HP ea 07, Boyle ea 07, Buchman ea |12
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Large-scale eccentricity removal @

CITA-ICAT

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.
® | et’s get over with it!

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT
* Iterative eccentricity removal works, but is tedious.

® | et’s get over with it!

* Eccentricity reduce...

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.
® | et’s get over with it!

* Eccentricity reduce...
® 40 non-spinning
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.
® | et’s get over with it!

* Eccentricity reduce...
® 40 non-spinning
® |90 single-spin

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.
® | et’s get over with it!

* Eccentricity reduce...
® 40 non-spinning
® |90 single-spin
® 300 double-spin

Mroue, HP
arxivl210.2958
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Large-scale eccentricity removal @

CITA-ICAT

* Iterative eccentricity removal works, but is tedious.
® | et’s get over with it!

* Eccentricity reduce...
® 40 non-spinning
® |90 single-spin

. I ' [ ' [ ' I ' [ ' |
® 300 double-spin Al BB B8 _‘ i

. . . X b]lxt_&:o_ XB=O
® |30 random spin directions - x & & & ® 0 $2:7,=05. 25=0|
6 ® 2 8 8 ® | 53 x»‘szxﬁzo's —

@ S4: Random
S5H 2 & —
1 ol ® B ® —
Mroue, HP 3 . B = -
. |- e 60 5 = —
arxiv1210.2958 sl

i ® @ 8 = —~

I e f « T S ol TR

10 2 14 16 18 20

r/m
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Eccentricity in precessing BH-BH

“* With enough care, iterative

30

=== Jter 0: e~0.04
| — Iter1:e~001
S |G-O Iter 2: e~00014 |
7 | %=x Iter 3: e~0 0001 |°

-6 Iter 4: e~0.00006

—

t/P

Harald Pfeiffer

CITA-ICAT
eccentricity removal works!
0.1: | | | | |
F Q
A o-08,=0
*_\‘::-':.\A z--80,=1/6
0.01¢ ; \: \‘ﬁ . b---5 8 =n/2
: S L
.,\_\\\\ .\.
o A
0.001 N E
RN
R = R
.-.\ \\\ .\\
.e."'-’.‘\.\\ * —:
1 ! ] |
1 2 3 4
Iter

Buonnano, Kidder, Mroue, HP. Tarraccini, 10
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| X. Precession & Dual-Frames @

CITA-ICAT

“* Map excision boundaries
onto BH-location

I a(t)R(t)gazj + T"(t)

% Measure location of BHs,
and adjust dynamically:
® Expansion factor a(t)
® Translation T(t)
e Rotation R(t)

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 23
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Precession & Dual-Frames @

CITA-ICAT

< Early technique: Pitch & Yaw
e Rotate about y-axis, then about z-axis

cosy —siny 0 cosf 0 sinf
R= | sinvy cosy 0 0 1 0
0 0 1 —sinfd 0 cosf
“* Works for moderate

precession

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013
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Polar singularity breaks Pitch&Yaw @

CITA-ICAT
o n/2
< .
1 ~—~ x min(7/2 — 0)
s
5 |
0. = P=40°N, 60°W
. 80°
F7 M LR N (R N '
0 1000 2000 3000 60°
Time(M) / N/
—— -1 [~ —\40°
20 |- / S dos T~ nfer\zoo c
* u 2 |- v T j. o
— g 80° e Equator 0 o
= 60 a0° 200 o 20
= i [20°
: o Close to pole, || \' //40°
420
1 l ! l ! l " " 60°
O — 7000 2000 3000 arbitrarily fast =
Limett) changes in 0,
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Solution: Quaternions @

CITA-ICAT

+* Represent rotation without preferred axis/singularity
e Unit-Quaternions represent rotations

d=[q0,q] = qo +iq1 + jq2 + kqs

Ry : q[0, 7]q* = [0, Ry

<+ Represent control-system without preferred axis
e Control instantaneous frequency Q’ ( tj)f grid w.r.t inertial frame
e Update rotation matrix via

) a)o.50)]

Ossokine, Kidder, HP
arxivl304.3067
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Test: inclined PN inspirals @

CITA-ICAT

s F g B
9 10'35- | A
(%)
— ot YT I i < PitchYaw (30deg)
O | ' * E
)
C s
O 10 :
O
(. .
o PitchYaw (Odeg)
e
S
O 7
= 10
D
o'l ! 1
0 1 2
Orbital periods Ossokine, Kidder, HP
arxiv|304.3067
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Test: inclined PN inspirals @

CITA-ICAT

PitchYaw (75deg)

=

g

>

‘_g PitchYaw (30deg)

5

g 10” E

- |

D | o

0o - PitchYaw (Odeg)

S

o y :

a0 Quaternions

o L ; T 0, 30, 75 deg!
Orbital periods Ossokine, Kidder, HP

arxivl304.3067

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 27

Thursday, June 27, 13



Harald Pfeiffer
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X: Merger & Ringdown

* Mark Scheel, Bela Szil

« Szilagyi, Lindblom, Scheel 08.
Many additions since then

® Hemberger ea, 1211.6079

% Close to merger

® Switch domain-decomposition
e Active gauge conditions
® Adaptive Mesh Refinement

s After common horizon

e Switch to distorted
concentric shells

ICTS @ Bangalore Jun 21,2013

||| |IF,
I/l

== SSo
= R
= — ==
= e e S
- - 7 Ss

- - 4 \.{{

//,,—” = y L = N
Z == .

— \
= 1,
i 5
4 7, i ¢
. ' "
i/ 7 \
S ' QN
: / N ’
: | S 4
/:" J .I = 2 4.‘.‘~
. » o 3 ' J .

[ A/ 5+ s ’
' \ \ gl

o - \ : - o

Z \ ,& .\‘- X .,
_— = \ \-I. -‘\-.
N — A \ S
- | f =

Bela Szilagyi

Common apparent horizon
A

-~ s T — .
P - —

RN . eeasransany N :
\\.v A S . ey e N \
\\::_“‘...-..,,_,,,.. ' *,..‘ -‘
~ [
~ \-A__ ‘1':' .
Individual apparent horizon .-~ 0\

Pre-merger excision boundary

N Post-merger excision boundary

Mark Scheel

28




ectral grid

paddew

Inertial
oordinates

Hemberger, Scheel,
Kidder, Szilagyi, ...
arXiv:1211.6079
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&

Computational grid, mass-ratio 8

444

Hemberger, Scheel, Kidder,
Szilagyi, ... arXiv:1211.6079 |
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Xl. Wave-extraction and extrapolation @

CITA-ICAT

<+ Mike Boyle

e Careful extrapolation with many consistency-checks

< Nick Taylor, et al (in prep):
e Cauchy-Characteristic Extraction & comparison with extrapolation
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Convergence test

006 A ﬁ“ ;
= o ,_-'\ \ =
_0.06_— J_ \ j | -
10~ - ’“L3 . 15
104 | | E o :.
3000 6000 9000 10240 10320

t/M

Mroue ea, arXiv:1304.6077
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post-Newtonian -- NR comparison

Harald Pfeiffer

GW-cycles to merger

“* NR & PN agree! 26 18

10
T

I | T T T
03l PN order 2.0
~ ,
A X
S
g Op e
S
Pt
o
Z.
_e_
v 0.3
Z.
= - TaylorT1
-+« TaylorT2
----- TaylorT3
-0.6 — TaylorT4
| |
1200 2400

t/m

Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
o GW-cycles to merger
L L I
0.3r 7
PN order 2.5
)
-
.S ‘o
= 0 7
av
N’
o
Z.
_e_
'Z—O.3 s
ee* ---- TaylorT1
-+« TaylorT2
----- TaylorT3
0.6- — TaylorT4 |
| | |
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
o GW-cycles to merger
<+ NR & PN agree! 26 18 10 2
— T T T T T T T T T T
0.3 }
- PN order 3.0 |
»
-
S S
C
o
Z
_e_
'2—0.3— }
e@ ---- TaylorT1
-+« TaylorT2
----- TaylorT3
06k — TaylorT4 =
| | R
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT
o GW-cycles to merger
L L I A
0.3F P
)
-
S
= O] .
av
N’
o
Z.
_e_
'2—0.3— s
ee* ---- TaylorT1
-+« TaylorT2
----- TaylorT3 3
0.6- — TaylorT4 |
| | i
1200 2400 3600
t/m
Boyle et al 2007
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post-Newtonian -- NR comparison @

CITA-ICAT

% NR & PN agree! 00004 —NR N -

—- TaylorT4 3.5 1 || | |
"W 4 |

. 0 * A N
* Or do they? - UUU
| |

| -0.0004 - ! n

¢ SOME versions of PN 01000 2000 3000 4000
match very well T T T T
0.005]- R —

® NO a priori knowledge

which ones work (if any) 0

-0.005

3500 3600 3700 3800 3900
Boyle et al 2007
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post-Newtonian -- NR comparison

“* NR & PN agree!

< Or do they!?

e SOME versions of PN

match very well

® NO a priori knowledge
which ones work (if any)

&

CITA-ICAT

0.0004

-0.0004

0.004

-0.004

Boyle et al 2007
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CITA-ICAT

Unequal mass, non-spinning BH-BH

L. Buchman, HP
M. Scheel, B. Szilagyi,
1206.3015
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CITA-ICAT

q=1,2,3,4 (15 orbits), q=6 (20 orbits)

q: q=3
\\‘.\_K 7 7
4} sk ,, 4
- Z 4 // -
-8t ). 7
E B T A TR P Y N N ] [0 N e A ]
— B o ¥ w -
p- 2 81 q=4 N E q—6 ez
7 1 4 - ]
4t T —~\\
L + - 1l
= 4+ X ) .
Wi 7 44 ‘ V
i ] ] T T . ; VVL DR |
8 4 0 4 8X/M-8 4 0 4 8

q=6 space-time diagram
of AH’s, colored by R
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Waveforms

CITA-ICAT

* Mass-ratios q=1,2,3,4,6. |5 orbits (20 for q=6)

ll lllllllll
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-
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Accuracy @

CITA-ICAT

* Sum of irreducible masses < (non-)effect of artificial
~| partin 10° outer boundary
| | | | | |
= J ; ’2\ 0.08} -
OF ¥ ===———————_____- " O
-4._ Tl ' N T | 006
| . | . L S 1 o N=5 | 8
41 q=3 —— N=4| ~| 004
o of b= — N=3| - 0| °
; —4_1 ) \1 S - | | \\1\\‘ I \ L g 0.02 ""EE:'
;s 4 q=4 ’Y‘ . al |
[ —— | ] '
< 0 *.i.\ ~~~~~~ - I ] ; 0
-4_1 B T s ] \.\\ 1 ] 1 ] 1— w
4ar a= A B C | -002
O_bﬁ _______ ' N © m—
T T - | )
-4_1 : \.T‘ | 1 SN | 1- go -0.04
0 1000 2000 3000 4000 5000 P!
M S

Need higher resolution to
resolve tidal heating :(
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Necessary Length of
Numerical VWaveforms

MacDonald, Nissanke, HP, 201 |
MacDonald, Mroue, HP. ... 2012
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PN NR comparison @

CITA-ICAT

“* Match at Mw=0.1, compute phase-difference over preceding 8
GW-cycles

l I I [ [ [
0.6 8 GW cycles
04} T _
8 0.2 i -

~— 3
B 9 .\l \ 4
Z - '
DI N .
7. - |e—e SpEC vs. T1 :
o -04 ~ | 4—A SpEC vs. T2 7
06k o—o SpEC vs. T3 _
| [w—= SpEC vs. T4
R 1 1 | | | |
1 2 3 4 S 6
q

MacDonald ea, arXiv:1210.3007
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PN NR comparison

&

CITA-ICAT

“* Match at Mw=0.1, compute phase-difference down to Mw=0.05

¢PN B ¢NR (rad)

| I

o—o SpEC vs. T1
A—a SpEC vs. T2
Rl I SpEC vs. T3
i =—a SpEC vs. T4

[

I I

Mw =0.05

MacDonald ea, arXiv:1210.3007

Harald Pfeiffer
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Length requirements for NR @

CITA-ICAT

** Must switch to NR early enough to avoid large PN errors

"\,\’\l\l\’\,\,|'\’|
v V Vv \’ vy ‘] \,,

Dephasing
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Length: Parameter estimation @

CITA-ICAT

< Start NR so early that different PN approximants cannot be
distinguished by LIGO

' 1 I I I =1
T1vs T2 ! B
* need much longer a-2T1vs T3 : P
NR waveforms = % X: %’ : A:.;@ o
® Hannam ea 2010 | *xT2vs T4 | ,.-;E;ﬁ'“@ é‘z
e Ohme ea 201 | = [ LivaTh] _ ="y
e Boyle 201 | S 0. E_pefleo ....... e :,?? o —
® MacDonald ea 201 | = ER— ,.;f L
® Damour ea 201 | & o N :' g
© ¢ o o e p—
7)) .{O ff %
L o0 |
0 \Q |
((\’b' Y 0.01 |
2 '00 S :
(_5\"’ q§'\6 [ et | A L | L 4
L5 70 40 20 10 5

# orbits before merger

MacDonald, Nissanke, HP 201 |
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Harald Pfeiffer

Length: Parameter estimation

<« New 30 orbit equal-mass, zero spin simulation

e Confirm previous
results

® | ong enough for one
choice of parameters

|

S o
io F
w

WMMH ru IIWNV q=1,15 orbs :

04} R I— , 1
go‘z | f\ AMARMAN Muq”!l"f?‘(!)hﬂrlt!)ﬁ!”ww“l ]
% OWf\N\JM‘% ﬂuumw w',nw Y Hlln\“l“ B
& -02[ i

04} ——
02}
0 - WWAMMAVAIN 'u‘.'.’n'.'\'.'.'n'.'n'\‘.'a'ﬂ‘ =0, 20 008
02

| L | L : |
0 2000 4000 6000 8000

time (VM)

10000

&

CITA-ICAT

T1 vs T2
a-4AT1vs T3
oo T1 vs T4 |
- x T2 v§ T3
* % T2 vs T4|.
- s-8 T3 vs T4
=
=R S T [ e—————; " A— Y A—
=~  [Ps10"
" & Yoo
P40 m
|
0.011 i
| BN | | |
70 40 20 10 5

ICTS @ Bangalore Jun 21,2013
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MacDonald, Mroue, HP in prep
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Length-Statements depend on A s

CITA-ICAT

* Non-spinning, unequal masses

0.8 Hybridization 12 orbits —19:32 — —
"~ before merger e q 6’ MM 03
. =)
T1 vs T2 -
0.6 |aa —0.18 _ _
O |1t E - q=4,MM=0.2
= »— T2 vs T3 | =
= v— T2 vs T4 =
~ | |==T3vsT4 o
=04} —008 &
o | 3
| = ——q=|, MM=0.03
0.2 —002 &
: 0= 10 g
peff=40
 — B YT ST A SR ;

3 4+ s’ 6
Mass ratio (q)

MacDonald, Mroue, HP in prep
(similar results in Ohme ea, 201 1)

Harald Pfeiffer
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Estimated impact of 4-PN

* TaylorT4 phase-evolution

&

1000 3

-
==
-
-
-
-
-

Al

—
)
-
-
-
-

PN order k

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013

CITA-ICAT
dr  64c3v
5 k
— = T 1+ Z Arx
dt 5GM -
1: T I T
évz /‘/ ,(A,,A’
E § 0.1 > "’3,/;’/.‘~ |/2 Iength
= e ; ;
1 2 [ A ~1/2|0h] |
E = L. Pegr =40
.?’.5«.-'. ...................................................
0% 02 003 004 005 006
w
MacDonald, Mroue, HP (in
prep)
47

Thursday, June 27, 13



Longer NR-waveforms: Alternatives @

CITA-ICAT

< Option |: Longer NR?

f b . "
e, /5 8/5
e Can not perform long enough sims M~ ov°/7(2mN)

< Option 2: Live with it
e Ohme ea 201 |I: Systematic errors OM/M~0.1%, 0(S/M?)~ 0.1

* Option 3: Wait for 4PN

® Buys us a factor of 2

< Option 4: Relax rigor
e Only dh tangential to signal-manifold causes systematic errors
(=llya Mandel’s talk). Give up on testing GR with orthogonal Oh

* Fit PN or EOB to improve agreement with NR
Introduces dependence between NR and analytical
waveforms, which may bias accuracy estimate of model.
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Exploring Parameter Space
& Precession
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Waveform Catalog Efforts
Ninjal (2008) Ninja2 (2012)
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' . g=1x1=
y
Results ﬁ‘om the ﬁTSt NINJA 177’0.7603 8 03F "speCq=10y=Tos5 . BAMq_‘I{) x=-0.85 BAMq=1.D x=-075 BAMg =10 y=-05
. up"\' ‘JH / 'I-‘I'ul u'l v 'J A P"-.-'ﬂ‘ i -I“I'u'll f /
03] SPEC g=1 03} CCATIE 10 CCATIE 2
a A 1 2
o \AAAANANNAANNANAND m' ' “'H o '\"‘llnl"m‘ '." .""""l" Llamaq_‘l{)\_{M BAMg =10 y=-025 Uamag=1.0 x = -0.2
'.’”',"v ‘«I'4""|lv"’\."-‘U."J“ ||||\“‘ " ' ‘,l,! J 4 '\’thl | 1 n AR R A AAMAR Iy i VLYY |
L | Vg ] \ "'Q"' “'. II'I I' ] '|_." W '-v.'l' ¢'I M |_|' '||I W 'n' IuI '.III III I._' ATATA Q”lll 'l'l T \ "_,l _,Q" |.' '|.' ',|' l,'l',' I||' Ihlll 'UQH'M
03 { 03} l e v
: A i A A A A - I | I ' I i
03 BAM FAU BAM HHE S00 03 CCATIE 4 CCATIE 6 03} BAMG=1.0 y= 00 GATechg=1.0y =00 Llamag =10y =00 SpEGQ=10y =00
4 A | " A A AAN AN N V1 VA A AN M MY YN
1A M”' i ‘Im A '\ v f f”\'”l o N ’ .\' \ ,\I "y I NN AN v,\ ” 0.0 4/ ...L,WL Y 'u"“'-_.- '.;‘uq'-u"" \\/ Qul..”,...,n. | P\-.,,-I,-I,.u. ."u"I"I'II"'.".I”||”||I'¢II o
0 VUV 0 VVVUVUY T VvV VUV %’ : 0t
03 03 il il T —
) RE ) ) ) ) ' 03] GATechg =1.0 y = 0.2 | BAMg =10 y=0.25 GATechqg = 1.0 y = 0.4 Lamag=10 y =04
0.3} BAM HHB S25 BAM HHE S50 0.3} CCATIE s6 Hahndo! kick 0.0 VAN e AVATAVATAVATAYC VARV e VAN Y '..-'n,_,.....,,.m.
b AP P."’,',\’"V’"" pl| AMAAM | |' - ,'. f\ ,ﬂ..' |\|,l\ ‘ ,’-‘ ‘f‘, |I‘. A 'I" ] 031 ; I I 1 I 1
OV UMY - \/l [ o '|. f | \ 'H T T T T
~..‘.'vnHMll\|||| ‘.uuuhim VV VU ”\'1" JV ” 03l SpECq = 1.0 y = 0.44 BAMg=1.0 v =05 GATechq=1.0y =06 BAMg=10 v =07
L ot | . i n
03 ) ‘ 1 03} ) ) ‘ ) ) ) 0.0 pu' \/ ".‘. N S\ A I-"IU, \/ M \V I, . |'.| NMM}*" N I'."”. it '|_,'”'.|' .l"l f\ 'Q"'“.'IHr M "‘,.I \ '|' U, \ f I'..ll WA ."l IuII ||||“||II | m
0.3} BAM HHB $75 b BAM HHE S85 { o3} Haadol non Lean 2 ] o8 L . .
. ”“‘,I r‘””” . _"",”“”", | of AAN ""','."f’ i 'v'nyIQ } 0.3 _“n IC:ATechq—1Oy=O.B . r :3Al'u'|ql-10\ '0.85 | l;!IU(i,q—‘IO\--O.B5 ) M:EA':ecthl-1O\ 0.9
Il“ill ‘“ VJ“‘I'“““{ SVVVVUY | |'| ““ 0.0 1 "'._.""'I"n'-.'u”l"h" -.'.I'.-"n'.l" '."-I"u,',|"| ||| ""Iull'I"”"”"""I'I'L,"' \ . '.u-"._.".-".u'lJl'l."..".".."l'| |I'
03} - { 03t . 0.3} .
1 1 1 1
A A 'S ' ' ' A A ) 1
0.3} LaeEv Lean ¢ | afPuce U TOW 03f —10x =0, -20000 10000 0.0 -2000.0 w-moo.{} 0.0 -20000 wmo 0
- - a A A f 0.0
JAAU ‘AR A A a A A ARIAL A ..“'n.uM ”'”
or ”“ . V"'“'Hlulwoi U“I (113 J l.'4l .I,U I|.'|].| \ J 03l I I
o3k i o3k A ] H 20000 -1000.0 0.0
L " ) 4 2 ! 5 4 M
0.3 MayaKeaac <0 | MayaKranc ¢02 | os3fvice UILC punc | 7l xi=x=0
. - ‘ I 03} BAMg =20 a GATechg =20 Llamag = 2.0 SpECqg =
AAAANANAR || .,~ -"\" I
or "ul TATAY ‘ IU \ ' ‘” ‘ ” 1 H v { “ 'i‘ ' ) or ]l - : ' 7 OEAAN ."Iffge,"-“.“, M |"| |'1| ,'||||'||b l".b,- W f ..’- -'. |,qr'.,'| in I||||||I'|| o ".J""".J-"". _;'" '.Un"'- iy '..'n'u.'“. |I"I|‘| ,lllnlllln|ll| HHEIUI
|
0.3 {1 03} 1 . H
1 1 1 1 1 1 !
2000 1000 2000 1000 0 600 300 0 &0 300 0 03]  BAMa-30 1 BAMa =40 LEAN G - 40
M '™ M M 0.0 ANV e M o AR MWM*'P' AR WV\MW“’
-0.3 |
0.3 SpECq=40 | ] SpECQ=60 | ! RITq=100 | 20{}0 0 1{}{}0 0 0.0
0.0 b o WWW’WM M\ANVW\/\MMANMNUW AN MASNWIH M
- - o 1 = =
0.3 L 1 L 1 L L L L # Xl Xq X
-2000.0  -1000.0 0.0 -2000.0  -1000.0 0.0 -2000.0  -1000.0 03 GATechq = 20 x = 0.2
UM UM UM 00(?"(." f A
. *'u.""-""" |||I||I|I
X1 7 X2 03}k
03[ GATechd=10y1=08y2-00 BAMG'=20 y1 =025 y2=00 4 FAU q=30 x1 =04 y2=06 | 2{){){){) 1{){){){) {)_{)
0.0 -%U.'ﬁll \ I..I | \ 'u'"".:'ea" "|u" A ﬂ'blnl\u"(lJ” AN J ,'"I, rq",u AN M
_DL3 L L 1 i 1 L L L L L
-2000.0  -1000.0 0.0 -2000.0  -1000.0 0.0 -2000.0  -1000.0 0.0
/M M M

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 50

Thursday, June 27, 13



Lack of parameter space coverage

* BH-BH simulations are hard

&

CITA-ICAT

® World-wide NINJA-2 collaboration computed 40 spin-alinged systems

(no precession at all)

8
‘ ' 1.0

-0

5 .Q
A

10

Ajith ea, 1211.5319

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013
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NR-AR By

CITA-ICAT

+* 9 NR groups

“** Very ambitious goals:
® Significantly improved length and accuracy requirements for BSSN
® Many mergers for SpEC/SXS

* Extensive error-analysis and cross-comparison

<+ Unified GW extrapolation ldentified and fixed vast
number of problems in
various’ NR groups
computational approaches
® Resolution
® Wave-extraction
® eccentricity removal

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 52
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NR AR error analysis @

CITA-ICAT
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NR-AR parameter space coverage

25 Waveforms noos M
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NRAR: NR vs. AR
comparison

% Aligned-spin waveformes:

* Comparisons with
analytical models

< Overlap integration starts
at f_low, NR

Harald Pfeiffer ICTS @ Bangalore Jun 21,20
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SXS waveform catalog @
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%* 700 configurations quasi-circularized (Mroue, HP 1210.2958)

% 171 simulations completed
® Mroue ea, arXiv:1304.6077

Abdul H. Mroué,! Mark A. Scheel,? Béla Szildgyi,2 Harald P. Pfeiffer,’>3 Michael Boyle,* Daniel A. Hemberger,*
Lawrence E. Kidder,* Geoffrey Lovelace,®? Serguei Ossokine,*® Nicholas W. Taylor,?2 Aml Zenginoglu,?
Luisa T. Buchman,? Tony Chu,! Evan Foley,® Matthew Giesler,” Robert Owen,’ and Saul A. Teukolsky*

I I 1 1 1 1 1
B Non-spinning
1 Aligned Spins
B Precessing

M=
o

I

o
o

Illlllllll
llllllllllllllllllllT—'

llll'llllllllllllll'll_

1111]11][]11'[

Number of simulations
N
(o)

10 .
0 1[0 |
1 2 3 4 5 6 7 8 6 12 18 24 30 36
Mass ratio Number of orbits
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| 71 waveform catalog
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Mroue ea, arXiv:1304.6077
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Examples of precessing binaries @
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Mass-ratio 6

Mass-ratio 3 A |
't |spins 0.9 & 0.3

spins 0.5 & 0

Mroue ea, arXiv:1304.6077
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Orientation-dependence of waveform @
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Al

| | |

0.06:_ 6=11/367 , ¢=n _ ﬂ
% o AN ;/\/\ \ -
-0.0 i

006f 2% B
L ! -
g o mmmwwwwwvwvwW\)WWNMWW {\f }\f"—
aa! 1 — 1 1 |l 1 ]
e ) : :
2 L3 ; L5 -
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teSt! | I i | | I j
‘ 3000 6000 9000 10240 10320

Mroue ea, arXiv:1304.6077
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Uses
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Non-spinning BH-BH s

CITA-ICAT
¢ Basis for EOBNR

VWV\MMNWAMMWM q=1

vw\MWNNWW.'M‘M\W* q=2

— Scheel ea 2007 R _a

- Buchman ea 2012 WN\’V\.vN.".NW.u'm’l\\w (=

vmvmwv'.ﬂ,'m.'.w.\wM— q=4

VAW (= 6
| 1 L 1 | L 1 L | 1 ! L |
-12000 -8000 -4000 0

t/M
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Non-spinning BH-BH

q=1
MWW q=1.5
VWWWWWWWWAWAWWWWY qQ=2
— Scheel ea 2007
—vwwwwwvwvwwvmﬂmw— q=3
— Buchman ea 2012 |
— Mroue ea (in prep) W — q=4
'MWJWM— q=5

WV\NVWANW‘»‘\ANwNNMMMWM‘M (] = ()

| 1
-12000

Harald Pfeiffer

ICTS @ Bangalore Jun 21,2013

&

** Basis for EOBNR

 test & improve EOBNR
with more and longer
waveforms
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Non-spinning BH-BH s

CITA-ICAT

o i
Template bank with hybrid error <3% * BaSIS fOr EOBNR
mismatch of 3% between consecutive masses
100  test & improve EOBNR
ol with more and longer
waveforms
60—
2(‘\]
40 -
% construct NR-only
200 template banks
¢ Brown, Cannon, Kumar,
00 20 40 60 M 0100 120 140 MacDonald, HP + SXS
1 ® H8: Prayush Kumar
llana MacDonald (CITA)
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Spinning black holes

* Test & refine
formulae for rem-
nant properties

® Dan Hemberger
et al in prep

E rad

< Aligned Spin v,
EOB-models

Error

e C|0:A.Taracchini

v v r=0.001353

-1.0

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013

—6.5 01.0 01.5
Initial spin, x.

q=1, equal & aligned spins
(courtesy Dan Hemberger)
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Very long waveforms

* q=3, Xa=0.5, 33 orbits

(5+15)M__, S/M’=0.5, 60° inclination o
\ A\ n ()
f \)\ \ | ‘b’ .;\l \/l' ,!;,,'\ |||| ('| I'\j“'\'“\ll‘} '||’\||/|| |l||J.l||'l ﬂ ““JAL'U'L mww ‘,\ /\,/ \,'/\\V' \' \\ 'l/ H |||’ (lhr_
— 1 ¥ /
Iy {
fums
40Hz | 140Hz 500K
lOO_ | | I I I &)
<— Cumulative
N | phase-error
=1 T ?
: + smaller than
— LoaLe| B -
— Lev3 -Lev6 = l_ l l_ B I 5'Orb|t
” v IL_:::II:::E 10350 10500 3 . .
- 1 1 | | non-spinning
2000 4000 6000 8000 10000
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ICTS @ Bangalore Jun 21,2013

simulation (!)

Thursday, June 27, 13

&

CITA-ICAT




Very long, precessing waveforms @

LPN V5. LNR

Harald Pfeiffer

ICTS @ Bangalore Jun 21,2013

CITA-ICAT

q=1.5 xa=0.5
2 precession cycles

work by Sergei
Ossokine (CITA)

C10: Serguei Ossokine
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Modest precession @

CITA-ICAT

“* 32 runs with random mass-ratio 1<q<2, random spins X<0.5

I

10.3

—

XA

10 Re r/M h,1

10.2 m-[-vvwa«VVWV\IIWV\NVJMNV\wa— -
s ———
A ANAANANNANNAN NN NN 4

. GE—

0 g 1 NSNS AN NATNANAAAA AN ANy =
Vs VWAV AN )?f :
00 [ SRS e
15 AN o .
< Test impact on searches with ‘ ST rryrveronmee el
. 10_— e
non-precessing templates T

5 t-—~—~----v~.w./wvvvvv~/vvvm~ “""W'M"— i

<* Spin-Trends in precessing PN e g
) e raRRaraly hatiialtalde! osidsdxiuied Eiliiss ] AN

0 1000 Zf;OO 3000 4000 5000 6000
t/M
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Varying eccentricity @j\

M, /M, =15, %x,=0.5, x,=0

% Investigate when
-5
e+0 becomes e=8x10
noticeable WWW"

e=2x10
— AWV F

*** Periastron Advance

. . e=2x10
® Cl0:Tanja Hinderer — ANV ’Wh%
2x10™
C=4LX
V\MWWVW
| L | - l :
-6000 -4000 -2000 0
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Caveats

Harald Pfeiffer ICTS @ Bangalore Jun 21,2013 69

Thursday, June 27, 13



Convergence of some runs @3

<« Spectral Adaptive-Mesh-Refinement
e instrumental for mergers & efficiency.

** Not as well understood as

“old” code SKS/d15.3_q1.00_sA_0.520_0.000_-0.300_sB_0.5
® some runs affected 10°
o
° )
%+ Decided to keep the waveforms <
anyway €10?
©
v
B10*
(a
— Levl-Lev4
Lev2-Lev4
Lev3-Lev4
101000 2000 3000 4000 5000 600
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Higher modes, GWV extrapolation @

CITA-ICAT

“* Higher modes extracted

® BUT: much less experience and testing of
higher modes compared to (2,2) mode.

** Waveform extrapolation works fine

®* BUT: our experience based on non-precessing waveforms.
Problems may arise.
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Challenges
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Expanding parameter space coverage @

CITA-ICAT

<* Most spinning runs at q<2

0.25-: oLy Q © oo0® 0'25’8 o Cod%H0Q © o000 ® 1
q=2 .@Q& ° R o ® !o.o
0.20f ] { o0.20f, .
(@) (€ ] O
= z o = o 0
o.1ow o | 0.10e
0.0006 02 07 06 08 1. 99% 0 02 024 06 08 1.0 1

XA XB

* So far, pushing parameters was always difficult
® Fach arrow |-2years hard work
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